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CHAPTER 1 
CHROMIUM(0)-PROMOTED HIGHER-ORDER CYCLOADDITION REACTIONS  
A. Introduction 
Carbon-carbon bond forming reactions have always received a significant amount of 
attention from the synthetic organic community. In particular, synthetic protocols that can 
construct multiple carbon-carbon bonds in a single operation have always received utmost 
importance. Cycloaddition reactions are one such class of prominent transformations which have 
proved to be extremely efficient in forming complex cyclic systems with relative ease.
1
 The most 
well known and extensively studied cycloaddition reaction is the Diels-Alder reaction, in which a 
diene (4π electron system) and a dienophile (2π electron partner) react in a concerted pericyclic 
manner to generate six-membered cyclic rings (Scheme 1).
2
 These reactions often proceed with 
excellent efficiency and the stereo and regioselectivity can be predicted accurately. 
Scheme 1. Diels-Alder reaction 
 
 
In comparison with the ‘normal’ Diels-Alder reactions, higher order cycloaddition 
represent different scenarios as they involve more extended π systems. Higher order reactions 
often lead to complex medium/large sized fused ring structures, which are otherwise very 
difficult or impossible to synthesize by normal means and often can be found in many 
biologically potent complex natural products. Some of the typical higher order cycloaddition are 
shown in Scheme 2.
3
 
2 
 
 
Scheme 2. Higher-order Cycloaddition Reaction 
 
 
 
In spite of having such synthetic importance, these reactions are poorly studied compared 
to the Diels-Alder reactions. As they involve an extended π system, the reactions suffer 
significantly due to the competing pericyclic processes and often lead to several undesired side 
products.
4
 So it is very difficult to accurately predict the outcome of these reactions. Difficulties 
associated with higher order cycloaddition has been demonstrated by Woodward and coworkers 
through the thermal cycloaddition reaction of cycloheptatriene and cyclopentadienone (Scheme 
3). The desired [6π + 4π] cycloadduct formed in low yield with a number of other cycloadducts. 
So several competing processes limit the synthetic applications of higher order cycloaddition 
reactions.
5
 
Scheme 3. Thermal Higher-Order Cycloaddition 
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Our group has extensively studied higher order cycloadditions over the years and taken 
advantage of these reactions for the synthesis of complex natural products. One of the prominent 
examples is the synthetic study towards Ingenol.
6
 The unusual bicylo[4.4.1]undecane system 
present in Ingenol makes its synthesis very challenging. Our group utilized an intramolecular [6π 
+ 4π] cycloaddition of a tropone derivative to construct the tricyclic core structure of the 
molecule in a single step (Scheme 4).
7
 During such studies our group realized that metal 
promoted higher order cycloadditions provide better efficiency compared to the thermal 
cycloadditions.
8,9
 Since then chromium(0)-promoted higher order cycloaddtions have gained  
primary attention in our laboratory. 
Scheme 4. Intramolecular [6π + 4π] Cycloaddition Approach for the Total Synthesis of Ingenol 
 
 
 
B. Transition Metal Mediated Higher-Order Cycloaddition Reactions 
 Although studies on transition metal promoted higher order cycloaddition have only 
gathered momentum in the past 20 years, scattered examples can be found in literature since 
1970’s. Earliest examples of higher order cycloaddition reactions were reported in 1971 by Petit 
and coworkers. They observed a photochemical [6π + 2π] cycloaddition reaction between 
cycloheptatriene and cyclobutadienetricarbonyl iron(0).
10
 Same group later used a 
cycloheptatriene-iron(0) complex and dimethylacetylene dicarboxylic acid for [6π + 2π] 
4 
 
 
cycloaddition reaction (Scheme 5).
11
 But yields were significantly low in both cases and the 
method has not been used since. 
Scheme 5. Iron(0)-Promoted Higher Order Cycloaddition 
 
  
 
 
 
Ziegler catalyst (TiCl4 and Et2AlCl) has been successfully used for higher order 
cycloaddition with cycloheptatriene. Turecek and coworkers reported [6π + 2π] cycloaddition of 
cycloheptatriene with dienes and alkynes in excellent yields (Scheme 6).
12,13
 
Scheme 6. Ziegler Catalyst Promoted [6π + 2π] cycloaddition 
 
 
 
 
Brammer and coworkers developed a novel [6π + 2π] cycloaddition method involving 
cycloheptatriene and molybdenum alkyne complexes, to form bicyclo[4.2.1]nonane cycloadducts 
(Scheme 7).
14
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Scheme 7. Molybdenum Promoted [6π + 2π] Cycloaddition Reaction 
 
 
Wender and coworkers have made significant contributions in this particular field and 
developed a number of methodologies for higher order cycloaddition reactions.
15
 The notable 
protocols include nickel catalyzed [4+4] cycloaddition reactions and rhodium catalyzed [5+2] 
cycloadditions (Scheme 8). Several different variations of these reactions were tested and both 
intra and intermolecular reactions were found to proceed with high efficiency. They also 
demonstrated synthetic utilities of these methods for natural product synthesis.
15 
 
Scheme 8. Transition Metal Catalyzed [4+4] and [5+2] Cycloaddition 
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The same group later developed an Rh-catalyzed intramolecular [6+2] cycloaddition of 
vinylcyclobutanones (Scheme 9).
16
 
Scheme 9. Rh-Catalyzed Intramolecular [6+2] Cycloaddition 
 
Very recently, Bueno and Tenaglia developed an effective cobalt catalyst system for [6π 
+2π] cycloaddition reaction between cycloheptatriene and terminal alkynes (Scheme 10).17 
Scheme 10. Cobalt Catalyzed [6π + 2π] Cycloaddition 
 
 
 
C. Chromium(0)-Mediated Higher Order Cycloaddition 
 The advantage that metal promoted cycloaddition provides over other methods is that by 
pre-complexing one of the reaction partners with a suitable transition metal, the reaction can be 
forced to go through an intramolecular manner by bringing together multiple reacting species 
through coordination with the same metal center (Scheme 11).
18
 This approach eliminates 
possibilities of competing pericyclic reactions and promotes higher-order cycloaddition 
reactions. Chromium has been found to be particularly well suited for this purpose due to its 
ability to coordinate with multiple π bonds at the same time.  
7 
 
 
Scheme 11. Metal Promoted Higher Order Cycloaddition 
 
  Chromium(0)-promoted higher order cycloaddition reactions were initially described by 
Kreiter et al. back in 1978. They found [η6-1,3,5-cycloheptatriene]tricarbonylchromium(0) can 
react efficiently under photochemical conditions with dienes to form bicyclo[4.4.1]undecane 
cycloadducts (Scheme 12).
19
 But this particular reaction was not exploited further. Our group 
later identified the synthetic scope of this method and studied several aspects of the chromium 
(0)-promoted higher order cycloaddition reactions. A wide range of unsaturated compounds were 
identified as suitable reaction partners for higher-order cycloaddition with the 
cycloheptatrienetricarbonylchromium(0) complexes and total synthesis of different classes of 
natural products were achieved using this particular protocol. 
Scheme 12. Kreiter’s Work on Chromium(0)-Mediated [6π + 4π] Cycloaddition 
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C.1. Chromium(0)-Mediated [6π + 4π] Cycloaddition 
 It was found that the photochemical [6π + 4π] reaction between conjugated dienes and 
[η6-1,3,5-cycloheptatriene]tricarbonylchromium(0) proceeds excellently with several different 
types of dienes to form bicyclo[4.4.1]undecane cycloaddcuts (Scheme 13).
20
 The reaction shows 
excellent endo selectivity in the final outcome and it was observed that high dilution and 
constant inert gas purging during the reaction were crucial for optimum yield. The cycloadducts 
can be obtained as a chromium complex as Cr(0) prefers η6 coordination. 
Scheme 13.  Chromium(0)-Promoted [6π + 4π] Cycloaddition 
 
Different types of cyclic 6π electron partners can undergo photochemical [6π + 4π] 
reaction with dienes. Substituted cycloheptatrienes often lead to a mixture of regioisomers in 
case of the unsymmetric dienes. Heterocyclic N-carboethoxy azepinechromium(0) complex
21
 
was also found efficient for [6π + 4π] cycloaddition.20 (η6-thiepin1,1-dioxo)tricarbonyl 
chromium(0) is also known to be an excellent reaction partner and a particularly noteworthy 
aspect being that the SO2 gas can be subsequently eliminated from the cycloadducts to generate 
ten membered cyclic tetraene core structures, which can be found in germacranolide lactone 
natural products (Scheme 14).
22,23
 The same class of the cycloadduct can also undergo Ramberg-
9 
 
 
Bucklund rearrangement and this method was successfully used for the total synthesis of (+)-
estradiol (Scheme 15).
23,24
 
Scheme 14. Chromium(0)-Promoted [6π + 4π] Cycloaddition with Cyclic Heterocyclic Trienes 
 
Scheme 15. Total Synthesis of (+)-Estradiol 
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An asymmetric variant of the reaction was also developed (Scheme 16). Significant 
diastereoslectivity was observed by using the chiral auxiliaries. It was found that both chiral 
auxiliaries containing triene or diene can undergo asymmetric [6π + 4π] cycloaddition.25  
Scheme 16. Assymetric [6π + 4π] Cycloaddition 
 
 
 
 
 
Two different mechanistic pathways were proposed for the [6π + 4π] cycloaddition. In 
order to promote the reaction, a vacant site on chromium is required for coordination with the 
unsaturated reacting partner.
20b
 It is believed that either loss of CO under photochemical 
conditions
26
 or a haptacity slippage
27
 from η6 to η4 in the complex can lead to a 16 electron 
species (b or b’) and the complex now can coordinate with π reaction partners in order to achieve 
the required stable 18 electron configuration (Scheme 17). Later these coordinated species (c or 
c’) undergo bond reorganizations to form the observed cycloadduct e. However, path B is 
believed to be more accurate because in the path A recapture of CO is essential, which is an 
unlikely possibility. This is supported by the observations of our group that constant purging by 
an inert gas like N2 or Ar is required for the best results. So it can be assumed that under this 
condition any liberated CO will be removed by purging and recapture of CO by the reaction 
11 
 
 
intermediate d is impossible. Therefore pathway B is believed to the correct mechanism for all 
types of chromium(0) promoted higher order cycloaddition reactions.
20b
 
Scheme 17. Possible Mechanistic Pathways for Cr(0)-Promoted Higher-order Cycloaddition 
 
 
 
 
 
 
C.2. Chromium(0)-Mediated [6π + 2π] Cycloaddition with Alkenes 
 Alkenes have also proved to be suitable reacting partners for chromium(0)-mediated [6π 
+ 2π] cycloaddition with cycloheptatrienetricarbonylchromium(0) complexes.28 Electron 
deficient alkenes are particularly effective and the reaction proceeds with excellent endo 
diastereoslectivity (Scheme 18). In contrast to [6π + 4π] cycloadducts, [6π + 2π] cycloadducts 
can be obtained in metal free state mainly due to the inability of Cr(0) to coordinate with dienes. 
Scheme 18. Chromium(0)-Mediated [6π + 2π] Cycloaddition with Alkenes 
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Chromium(0)-mediated [6π + 2π] cycloaddition has been successfully applied for total 
synthesis of the complex natural products (Scheme 19). A [6π + 2π] cycloadduct obtained from 
N-carboethoxy azepinechromium(0) complex was used for the total synthesis of (+)-
Ferruginine.
29
 An intramolecular version of the reaction was developed and subsequently applied 
for the total synthesis of -cedrene.30 
Scheme 19. Application of Chromium(0)-Mediated [6π + 2π] Cycloaddition with Alkenes 
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Several other different aspects of this particular reaction were also thoroughly examined. 
Thermal condition was found to be equally efficient for the transformation. It was also found that 
[6π + 2π] cycloaddition of metal free cycloheptatriene and ethyl acrylate was possible in the 
presence of catalytic amount of [η6-1,3,5-cycloheptatriene]tricarbonylchromium(0) complex.28b 
Scheme 20. Thermal and Catalytic Higher-Order Cycloaddition 
 
  
 
 
Chirality induction was also accomplished using a chiral alkene partner. The reaction 
produced an excellent yield and diastereoslectivity (Scheme 21).
31
 
Scheme 21. Asymmetric Induction in [6π + 2π] Cycloaddition 
 
Heterocumelenes like isocyanates and ketenes have proved to be suitable reacting 
partners for the chromium(0)-mediated [6π + 2π] cycloaddition reaction (Scheme 22).32 
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Scheme 22. Chromium(0)-Mediated [6π + 2π] Cycloaddition with Heterocumelenes 
 
 
 
C 3. Chromium(0)-Mediated Higher Order Cycloaddition with Alkynes 
 Chromium(0)-mediated higher order cycloaddition reactions with the alkynes are of 
particular interest because of several important features. Sheridan and coworkers initially 
reported Chromium(0)-promoted [6π + 2π] cycloaddition reaction of 
cycloheptatrienetricarbonylchromium(0) complexes and symmetric internal alkynes to form 
bicyclo[4.2.1]nonatriene derivatives (Scheme 23).
33
 The cycloadducts can be isolated as a Cr(0) 
complex which can be subsequently decomplexed using P(OMe)3.  
Scheme 23. Chromium(0)-Mediated [6π + 2π] Cycloaddition with Internal Alkynes 
 
 
 
Later, our group and Sheridan’s group independently reported a novel tandem [6π + 2π+ 
2π] cycloaddition reaction between cycloheptatrienetricarbonylchromium(0)complexes and 
excess terminal alkynes.
34
 The reaction is quite unique as it can generate an unusual highly 
strained polycylic species in a single operation. Construction of five carbon-carbon bonds, three 
15 
 
 
new rings and six stereocenters with complete diastereoselectivity makes this multi-component 
cycloaddition a very attractive synthetic tool.  
Scheme 24. Chromium(0)-Mediated Tandem [6π + 2π + 2π] Cycloaddition with Terminal 
Alkynes 
 
 
 
Our group also found that the Cr(0)-complexed [6π + 2π]  cycloadducts obtained from 
the reaction with internal alkynes can be isolated and can be made to undergo a second [6π + 2π]  
cycloaddition with a different alkyne molecule to form highly substituted tetracyclic 
cycloadducts (Scheme 25). The last alkyne approaches from the sidewise direction and 
regiochemistry of the final product is governed by the steric effect.
35
 
Scheme 25. Chromium(0)-Mediated Tandem [6π + 2π],homo[6π + 2π] Cycloadditions 
 
 
 
It was later demonstrated that the tethered alkynes can also undergo [6π + 2π + 2π] 
cycloaddition and pentacyclic molecules can be obtained as major products.
36
 These highly 
complex reactions are of high synthetic importance and were applied for the total synthesis of 9-
epi-pentalenic acid (Scheme 26).
37
 
16 
 
 
Scheme 26. Chromium(0)-Mediated Tandem [6π + 2π + 2π] Cycloaddition with Terminal 
Alkynes and the Corresponding Synthetic Application 
 
 
 
 
 
 
 
 
[6π + 2π + 2π] cycloaddition can be achieved under catalytic conditions as well. In the 
presence of catalytic amount of [η6-1,3,5-cycloheptatriene]tricarbonylchromium(0) complex and 
magnesium metal, the reaction proceeds efficiently (Scheme 27).
38
 
Scheme 27. Catalytic [6π + 2π+ 2π] Cycloaddition 
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Another novel four component cycloaddition between (η6-thiepin1,1-dioxo)tricarbonyl 
chromium (0) with excess 1,7-octadiyne and 1,8-nonadiyne was reported by our group (Scheme 
28).
39
 The reaction is initially presumed to be going through normal tandem [6π + 2π + 2π] 
cycloaddition and after that a critical third [2 + 2π] cycloaddition is responsible for the 
formation of a novel pentacyclic species. The SO2 group is believed to be playing a crucial role 
as [η6-1,3,5-cycloheptatriene]tricarbonylchromium(0) failed to promote the multi-component 
cycloaddition. A [3+2] cyclization of the alkyne and vinyl cyclopropane part of the intermediate 
obtained from tandem [6π + 2π+ 2π] cycloaddition might be responsible for the third cyclization 
reaction.  
Scheme 28. Chromium(0)-Promoted Four-Component  [6π + 2π]/[6π + 2π]/[2 + 2π] 
Cycloaddition Reaction 
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CHAPTER 2 
RAPID STEREOSELECTIVE ENTRY INTO THE FUNCTIONALIZED 
TETRACYCLIC CORE STRUCTURE OF CYCLOCITRINOLS 
A. Introduction: 
Steroids, an important class of compounds, have attracted the interest of synthetic organic 
chemists for decades due to their unique structural features and biological importance. 
Asymmetric total synthesis of steroid natural products has been the subject of intense chemical 
research for many years because of their unique polycyclic structures with multiple 
stereocenters. Isolated from Penicillium citrinum fungus, the cyclocitrinols are a special class of 
steroids bearing an unusual and structurally unique bicyclo[4.4.1]undecane ring system as the 
A/B ring. 
In 2000, the first of these compounds, cyclocitrinol 2 (Figure 1) was isolated from a 
terrestrial strain of Penicillium citrinum fungus and was incorrectly classified as a sesterterpinoid 
with a distinctly different structural representation.
40
 Subsequently, along with two more 
cyclocitrinols, isocyclocitrinol A 14 and 22-acetylisocyclocitrinol A 15, the structure of 2 was 
correctly assigned by Amagata et al.
41
 The bicyclo[4.4.1]A/B ring structures of these compounds 
were conclusively established by extensive NMR study, X-ray crystallography and modified 
Mosher’s method by the same group. Neocyclocitrinol A-D (7-10) were also isolated in 2005 
from a plant-derived fungus, Penicillium janthinellum, as a pair of 23-24 epimers and a possible 
biosynthetic pathway from ergosterol was discussed.
42
 Recently, eleven more members of this 
class of compounds were isolated from a volcano ash-derived Penicillium citrinum.
43
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Cyclocitrinols also displayed potential anti-bacterial activities. It was found that the 
cyclocitrinol 2 has anti-bacterial activities against Gram-positive bacteria Bacillus subtilis ATCC 
6633 in a concentration of more than 50 µg per agar well. Compounds 14 and 15 displayed weak 
antibacterial activities against Enterococcuss durans (MIC = 100 µg/mL, each) and 
Staphylococcus epidermidis (MIC = 100 µg/mL, each).
41,43
  
Figure 1. Structures of the Cyclocitrinols. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The presence of the unusual bicyclo[4.4.1]undecane ring system represents a significant 
synthetic challenge for the total synthesis of the cyclocitrinols.  Total synthesis of any of the 
cyclocitrinols has yet to be achieved. In 2007, Schmalz and coworkers reported synthesis of the 
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characteristic core structure of the cyclocitrinols (Scheme 1).
44
 They started the synthesis from 
commercially available dehydroepiandrosterone 17 and transformed it to the cyclopropyl 
derivative 18 through a series of organic reactions. Compound 18 was subjected to a SmI2-
mediated fragmentation reaction to form the characteristic bicyclo[4.4.1]undecane core structure 
(19) of the cyclocitrinols. No other studies towards this class of molecule were reported in the 
literature. Such synthetically challenging structures coupled with interesting biological activities 
prompted us to investigate the total synthesis of the cyclocitrinols.
 
Scheme 1. Schmalz and coworkers Approach towards the Total Synthesis of 
Cyclocitrinols 
 
 
 
 
 
 
 
 
 
 
B. Results and Discussion: 
 Thermal and photochemical higher-order cycloaddition reactions, especially [6π + 4π] 
cycloaddition reactions, have always been a topic of great synthetic interest for the construction 
of difficult fused ring structures and these has been studied extensively in our laboratory for 
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several years.
45
 In our retrosynthetic plan (Scheme 2), based on earlier results in our lab,
45
 we 
envisioned that the advanced tetracyclic intermediate 20 could be prepared through a 
regioselective photo-induced [6π + 4π] cycloaddition of the enantiopure diene 2246 and [3-(tert-
butyldimethylsilyloxy)cycloheptatriene]tricarbonylchromium(0) complex 21. The diene 22 in 
turn, could be prepared from enantiomeric indandione precursor 23 by a few trivial functional 
group manipulations. 
Scheme 2. Retrosynthetic analysis of the cyclocitrinols 
 
 
 
 
 
 
 
 
 
 
Synthesis of the diene 22, required for the key photochemical reaction, was achieved 
using a slightly modified procedure from the previously reported work by our group (Scheme 
3).
46
 The indanedione carboxylic acid 23 was esterified with MeOH and catalytic p-
toluenesulfonic acid to from ester 24.The keto-ester 24 was then selectively reduced with L-
selectride to form lactol 25. The lactol 25 then underwent a Pb(OAc)4 mediated fragmentation 
reaction to form formate 26. Cu(OAc)2 was used as a catalyst for the reaction, which is known to 
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accelerate the reaction by oxidizing radical to cation.
47
 The formate ester 26 was easily 
saponified under basic conditions to form alcohol 27. The alcohol 27 was converted into the 
corresponding tosylate to make it a suitable candidate for elimination reaction. The tosylation 
reaction proved to be extremely slow and pyridine was used as solvent. t-BuOK in DMSO 
solvent was found to be the best choice a base for the elimination reaction to form diene 28. Keto 
group present in 28 was then reduced with KBH4 and the resulting alcohol was subsequently 
protected as t-butyldimethylsilyl ether. But presumably due to the presence of the adjacent axial 
methyl group, TBS protection was very slow and during this process we found that some amount 
of the diene 22 underwent rearrangement to form a more thermodynamically stable diene 29. In 
order to prevent the formation of undesired diene 29, modifications were required in the final 
few steps.  
Scheme 3. Synthesis of Diene 22 by Previously Reported Route 
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So we investigated possible alternative ways to selectively prepare the diene 22.  The 
tosylate 30 was prepared from 27, selectively reduced by KBH4 in 98% yield and the resulting β-
alcohol was protected as t-butyldimethylsilyl (TBS) ether 31 (Scheme 4). High 
diastereoselectivity of the reduction can be explained by the inability of the hydride ion to 
approach from the axial direction due to the steric hindrance of the adjacent axial methyl group. 
The protected tosylate 31, was then subjected to elimination reaction using t-BuOK as the base to 
lead the diene 22 in good yield. As it was observed (vide infra) that with the TBS ether, the diene 
22 gave a mixture of regioisomers in the crucial cycloaddition reaction, it was anticipated that 
perhaps a sterically more demanding triisopropyl (TIPS) ether as the protecting group might 
overcome the selectivity problem. Thus, the alcohol obtained from the reduction of ketone 30 
was protected as TIPS ether 32 following a modified forced condition using AgNO3.
48 
The 
tosylate 32 was then subjected to elimination reaction following the similar procedure as above 
to provide the diene 22’ in 76% yield. In both cases, only a single diene regio-isomer was 
observed. 
Scheme 4. Modified Procedure for the Synthesis of Diene 22. 
 
 
 
 
 
 
De Riccardis and coworkers reported an alternative pathway for the synthesis of diene 
22,
49
 starting from easily available Hajos-Parrish ketone 33 (Scheme 5).
50
 Ketone 33 was 
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selectively reduced to alcohol 34 using Gribble’s protocol51 using NaBH4 and CF3COOH. The 
resulting alcohol 34 was protected as TBS ether. Then hydroboration-oxidation was performed 
on alkene to form alcohol which was subsequently oxidized to corresponding keto compound 35 
using methods already reported by Mourino et al.
52
 The carbonyl compound 35 was enolized 
with LiHMDS and the intermediate enolate was trapped as triflate 36. Enol triflate 36 was 
subjected to a Pd-catalyzed Stille coupling with allyl tributyltin to form the desired diene 22. But 
the specific rotation value of 22 ([]D = +5.7, c = 1, CHCl3) reported by them was quite less 
compared to what we have observed ( []D = +36.1, c = 1.0, CHCl3) during our synthesis.
7
 So 
this method was not pursued to ensure the enantio-purity of the diene 22. 
Scheme 5. Alternative Synthesis of Diene 22 by De Riccardis and Coworkers 
 
  
 
 
 
 
 
 
After standardization of a viable synthetic route for gram scale synthesis of the Dienes 22 
and 32, we focused our attention to study the critical cycloaddition reaction. In order to 
standardize the reaction condition, we first used [η6-1,3,5-
cycloheptatriene]tricarbonylchromium(0) complex 37, which can easily be synthesized from 
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cycloheptatriene in high yield.
53
 Following the typical reaction condition for [6π + 4π] 
cycloaddition,
54
 a hexane solution of 37 (1.0 equiv.) and excess of diene 22 was irradiated using 
Canrad-Hanovia 450-W medium-pressure mercury vapor lamp, until disappearance of the red 
color of the starting material 37 was evident. The reaction showed excellent endo-selectivity to 
give a single isomer of the corresponding cycloadduct 38 in excellent yield. 
Several reaction conditions were tested to optimize the yield and time of the 
cycloaddition reaction (Table 1). High dilution of the reaction mixture and excess amount (3.0 
equiv.) of diene were essential for full completion of the reaction. Requirement of excess diene 
was necessary, mainly due the fact that diene 22 was found to undergo double bond 
isomerization under the reaction condition.
55
 Uranium filter improved yield compared to pyrex 
and quartz filter. Ar purging proved necessary for better conversion. Dichloroethane and hexane 
both were proved to be good solvents for the reaction. The reaction rate was found to slow down 
by lowering the temperature. An interesting observation was that the compound 38 was 
decomplexed during the reaction condition unlike what we have previously experienced.
54
 So 
further decomplexation step was not required. 
Next we wanted to confirm the enantiomeric purity of the cycloadduct 38. We were very 
pleased to find that enantiomeric excess of chiral diene 22 was completely transferred to the [6π+ 
4π] cycloadduct 38. Desilylation of 38, followed by application of the Mosher ester analysis on 
the resulting alcohol 39 confirmed an enantiomeric purity of >99% as a single diastereomer was 
observed in proton NMR study and a single F
19
-NMR product peak further support the 
enantiomeric purity of the cycloadduct 38 (Scheme 6).
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Table 1. Optimization of the [6π + 4π] Cycloaddition conditions. 
 
 
 
 
 
Entry Procedure
a
 Filter Time (hr.) Yield (%) 
1 
2 
3 
4 
5 
6 
7 
 A
b
 
B
c
 
B 
B 
 C
d 
D 
E
f
 
Pyrex 
Pyrex 
Uranium 
Quartz 
Uranium 
Uranium 
Uranium 
3 
3.5 
4 
4 
4 
4 
3 
 43
g
 
67 
78 
56 
 32
g 
56 
72 
 
a Unless otherwise mentioned, reaction was performed in 0.001M hexane soln. of 37 b Procedure A- no gas was bubbled during the reaction, 
decomplexation of 38 c Procedure B- reaction mixture was purged by Ar gas. d Procedure C- reaction was performed at 0°C e Procedure D- 0.1 M 
hexane solution of 37 was used f Procedure E- Dichloroethane was used as solvent g reaction was incomplete, yield based on conversion of 22. 
Scheme 6. Enantiomeric Purity of the Cycloadduct 38. 
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After this fascinating stereoselective synthesis of the tetracyclic cyclocitrinol core 
structure 38, we were tempted to synthesize a more functionalized core structural unit. As we 
envisioned during our retrosynthetic analysis, [6π + 4π] cycloaddition with a 3-Oxo substituted 
cycloheptatriene chromium complex 21 could lead to more advanced C-3 oxygenated core 
structure. The obvious challenge would be to control the regioselectivity during the 
cycloaddition process. In contrast to the Diels-Alder reaction, in which a substitution in diene or 
dienophile controls the regioselctiviy of the cycloadduct both by electronic as well as steric 
reasons, the photochemical [6π + 4π] cycloaddition reaction with substituted cycloheptatriene 
chromium complexes didn’t show any regiochemical preferences, based on electronic effect. It 
has been reported that a bulky trimethylsilyl group in thiophin dioxide chromium complex 
induces excellent regioselectivity.
46
 So we were hopeful that complex 21 would also display 
some regiochemical preference, in spite of having considerable A-value difference between TMS 
and OTBS group.
56 
 Synthesis of complex 21 began from commercially available cycloheptatriene 41, which 
was converted into corresponding tropylium tetrafluroborate 42 using triphenylcarbenium 
tetrafluroborate (Scheme 7).
57
 Aromatic salt 42 was then treated with t-butyldimethylsilanol in 
THF in the presence of potassium t-butoxide, to prepare a 7-OTBS-cycloheptatriene 43. Neat 43 
was heated in a sealed tube at 100°C for 4 days to get the rearranged product 3-OTBS-
cycloheptatriene 44,
58
 which was subsequently transformed into complex 21 by treating with 
freshly prepared (trisacetonitriletricarbonyl)chromium(0) complex.
59
 Low yield of the 
complexation step is mainly due to extreme air and moisture sensitivity of 
(trisacetonitriletricarbonyl)chromium(0). 
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Scheme 7. Synthesis of Chromium(0) Complex 21. 
 
 
 
 
 
 
 
With complex 21 in hand, a hexane solution of 21 was irradiated in presence of diene 22 
under optimized conditions. But much to our disappointment, we observed an inseparable 1:1 
mixture of regioisomers of 45 and 46, along with de-complexed starting material 44 (Scheme 8).  
Contrary to the free cycloadduct 38 obtained directly from the reaction mixture (Scheme 1), in 
this case cycloadducts were isolated as a mixture of chromium complexes which were subjected 
to de-complexation using trimethyl phosphite, to obtain the above said mixture of inseparable 
regioisomers. Silyl protection of the intermediate enol ether was concomitantly removed under 
this reaction condition to offer the corresponding enones in 68% overall yield. As we predicted 
earlier that by using a sterically bulkier diene 32, in the form of a bulkier triisopropylsilyl 
hydroxy protecting group, an improved regioselectivity can be obtained. Gratifyingly, the 
cycloaddition of 21 with bulky TIPS protected diene 32, in which the bulky group is remotely 
placed from the center of the reaction, showed a significant regiochemical preference compared 
to TBS protected diene 19a. Thus photochemical [6π + 4π] cycloaddition, followed by 
decomplexation by P(OMe)3, gave the desired enone 47 in 50% isolable yield, along with minor 
product 48 in 12% yield. The stereochemical assignment of the major cycloadduct 47 was 
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confirmed based on extensive 1D, 2D NMR and NOE experiments. The COSY, NOESY 
correlations were also corroborative with the above structural elucidation.  
Scheme 8. Synthesis of the Advanced Cyclocitrinol Core Structure 
 
 
 
 
 
We were at this point fully aware of the fact that, due to the endo-selective nature of the 
Cr(0)-promoted [6π + 4π] cycloaddition we have arrived at the unnatural C-9 epimer 47 of the 
cyclocitrinol core structure and hypothesized that we will be able to perform a base catalyzed 
epimerization at C-9 upon installing the carbonyl functionality at the C-6 position. In order to 
achieve that, a number of allylic oxidation methods were tested on 38 and 47. But in most of 
these efforts, the starting material either decomposed or lead to a complex mixture of multiple 
products (Scheme 9). 
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Scheme 9 
 
 
 
 
 
 
 
 
 
 
As the allylic oxidation studies failed to provide the desired results, we envisioned that 
instead of installing the oxygen functionality at C-6 after the cycloaddition, it will be better if we 
can start from the corresponding oxygen containing diene. So in an effort to achieve that we 
followed the method mentioned by De Riccardis and coworkers
49
 and synthesized the triflate 
compound 36. Next we performed a Palladium-catalyzed α-vinylation of vinyl acetate with the 
triflate 36 following a method developed by Ortar et. al.
60
 We were pleased to find that the enol 
triflate 36 smoothly reacts with vinyl acetate in the presence of Pd(PPh3)4 catalyst to form the 
required acetoxy diene 52 in excellent yield (Scheme 10). But to our surprise, higher-order 
cycloaddition reaction of Cr(0)-complexes 21 or 37 with the acetoxy diene 52 failed to provide 
the functionalized [6π + 4π] cycloadduct.  
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Scheme 10. Synthesis of the Acetoxy Diene and Attempt for the [6π + 4π] Cycloaddition 
 
 
 
 
 
 
 
 
 
C. Future Direction 
At this point, we believe that changing the nature of the enol protecting group on the 
diene 52 can give us better insight into the cycloaddition reaction. Previous studies done by our 
group on the photochemical Cr(0)-mediated [6π + 4π] cycloaddition reveal that the electronic 
nature of the reacting diene does not have any particular effect on the outcome of the 
cycloaddition reaction. But the failure of the acetoxy diene 52 to undergo higher-order 
cycloaddition demands that a more comprehensive study of the protecting group on the oxygen 
atom is required. So the synthesis of more electron donating group (Bn or TMS) containing 
dienes which are assumed to perform well in the key [6π + 4π] cycloaddition reaction, is required 
(Scheme 11). Upon installing C-6 carbonyl group, base promoted epimerization can lead us to 
correct stereochemistry in C-9 position. Subsequent functional group manipulation can lead us to 
the desired cyclocitrinol natural products. 
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Scheme 11. Proposed Future Direction Towards the Total Synthesis of Cyclocitrinol 
 
 
 
 
 
 
 
D. Conclusion 
In summary, we have accomplished an efficient stereoselective synthesis of the 
challenging ABCD tetracyclic core structure of the cyclocitrinols, using a photo-induced 
chromium(0)-promoted [6π + 4π] cycloaddition reaction between an enantiomeric pure diene 32 
and a substituted Cr(0)-cycloheptatriene complex 21. We also demonstrated that a remote bulky 
protecting group in the diene can play an important role in controlling the regiochemical 
outcome during cycloaddition. Further extension of this work towards the total synthesis of 
cyclocitrinols along with the stereochemical rectification at C-9 are currently in progress.  
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E.Experimental                                                                                                                        
General:                                                                                                                                         
All reactions were carried out under argon atmosphere in a flame-dried round bottom flask with 
magnetic stirring. All reagents and solvents were of commercial grade and were used without 
further purification. Analytical thin-layer chromatography was performed with 0.25 mm coated 
commercial silica gel plates (EMD, Silica Gel 60F254) with visualizing reagents such as p-
anisaldehyde. Flash chromatography was performed with Whatman silica gel (Purasil 60 Å, 230-
400 Mesh). Melting points were obtained on a Thomas-Hoover apparatus in open capillary tubes. 
Proton nuclear magnetic resonance (
1
H NMR) data were acquired on 400 MHz Varian Mercury 
or 500 MHz Varian Unity-500. Chemical shifts are reported in ppm from tetramethylsilane with 
the solvent resonance resulting from incomplete deuteration as the internal reference (CDCl3: δ 
7.26). Multiplicities are described as s (singlet), d (doublet), dd, ddd, etc. (doublet of doublets, 
doublet of doublets of doublets, etc.), t (triplet), q (quartet), quint (quintuplet), m (multiplet), and 
coupling constants (J) are reported in Hz. Carbon-13 nuclear magnetic resonance (
13
C NMR) 
data were acquired on 400 MHz Varian Mercury or 500 MHz Varian Unity-500. Chemical shifts 
are reported in ppm from tetramethylsilane with the solvent as the internal reference (CDCl3: δ 
77.00). Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum RX-1 FT-IR system, 
ν
max 
in cm
-1
. High resolution mass spectra (HRMS) were recorded using ESI-TOF (electrospray 
ionization-time of flight) or APCI method. 
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[η6-1,3,5-cycloheptatriene]tricarbonylchromium(0) complex (37) 
 
  
 
A solution of cycloheptatriene (5.8 mL, 50 mmol) in a solvent mixture of n-butyl ether (120 mL) 
and THF (20 mL) in  a three-neck round bottom flask,  fitted with a reflux condenser, was heated 
at 100 
o
C for 30 min. The Cr(CO)6 (5.5 gm, 25 mmol) was added to the hot solution and the 
mixture was refluxed (150 
o
C) for 40 h. The red mixture was then cooled at room temperature 
and was filtered through a pad of celite. The filtatrate was concentrated and crude residue was 
purified by flash chromatorgraphy on silica gel (hexane/EtOAc, 95:5) to give 5 gm (88%) of the 
complex 37. 
IR (thin flim) – 1988, 1922, 1896 cm-1. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 6.05-6.01 (m , 2H), 4.85-4.77 (m, 2H), 3.35 (td, J = 8.8, 
3.2 Hz, 2H), 2.93 (dt, J = 14, 8.8 Hz, 1H), 1.74 (dt, J = 14.8, 3.3 Hz, 1H)  
13
C NMR (CDCl3, 100 
MHz, ppm): δ = 232.0, 101.0, 98.2, 56.7, 24.06. 
HRMS (ESI):  m/z calculated for C10H8CrO3 227.9898, found 227.9882. 
Tropylium Tetrafluoroborate (42) 
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Triphenylcarbenium tetrafluroborate (36 gm, 109 mmol) was added to a solution of acidic 
anhydride (200 ml) and cooled to 0 
o
C. To the reaction mixture cycloheptatriene (10 mL, 108 
mmol) was added dropwise. Reaction was then brought to room temperature and stirred for 2 hr. 
To the reaction mixture 200 mL diethylether as added at 0 
o
C and filtered. The white solid was 
washed with ether to give 16.4 gm (85%) of tropylium tetrafluroborate (42). 
7-OTBS-Cycloheptatriene (43) 
 
 
 
Potassium t-butoxide was added to solution of t-butyldimethylsilanol (2 mL, 12.6 mmol) in THF 
(25 mL) at 0 
o
C and the mixture was stirred for 30 minutes. Then tropylium tetrafluroborate (2 
gm, 11.4 mmol) was added. The mixture was warmed to room temperature and stirred form 3 hr. 
The reaction was quencehed with 100 mL of water and was extracted with ethyl acetate (3 x 25 
mL). The extracted solution was dried over MgSO4 and concentrated to yield 3-OTBS-
Cycloheptatriene (2.17 gm, 85%). 
IR (thin flim) – 1988, 1922, 1896 cm-1. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 6.6 (s , 2H), 6.1 (dd, 2H), 5.4 (d, 1H), 3.6 (d, 1H), 0.9 (s, 
9H), 0.3 (s, 3H), 0.2 (s, 3H) 
13
C NMR (CDCl3, 100 MHz, ppm): δ = 131.0, 128.9, 125.6, 122.8, 
120.9, 74.8, 25.8, 25.6, -3.6, -4.9. 
HRMS (ESI):  m/z calculated for C13H22OSi (M+H)
+
 222.1440, found 222.1449. 
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3-OTBS-Cycloheptatriene (44) 
 
 
 
Compound 43 (2 gm) was transferred into a sealed tube apparatus with ether and the ether was 
removed with a stream of nitrogen followed by high vaccum. The tube was sealed and heated at 
the 100 
O
C for 4 days. The tube was cooled to room temperature and the material; run through a 
plug of silica gel with 3:1 hexane/ethyl acetate to yield 1.63 gm (75%) of the 3-OTBS-
Cycloheptatriene (44). 
IR (thin flim) – 1978, 1920, 1892 cm-1. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 6.1 (m, 3H), 5.4 (q, 1H), 5.2 (q, 1H), 2.2 (t, 2H), 1.0 (s, 
9H), 0.2 (s, 6H).
 13
C NMR (CDCl3, 100 MHz, ppm): δ = 126.4, 125.2, 121.6, 116.2, 114.9, 27.8, 
25.7, -4.5. 
HRMS (ESI):  m/z calculated for C13H22OSi (M+H)
+
 222.1440, found 222.1432. 
3-(tert-butyldimethylsilyloxy)cycloheptatriene]tricarbonylchromium(0) (21) 
 
 
 
 
 
37 
 
 
A solution of chromium hexacarbonyl (5 gm, 23.2 mmol) in dry acetonitrile (125 mL) was 
refluxed overnight and the excess acetonitrile was removed carefully without exposing the 
solution to the open air. The compound 44 (4 gm, 19.5 mmol) in THF (100 mL) was added and 
the reaction was refluxed for 3 hours and then stirred at room temperature overnight. The ususal 
work-up procedure was followed by column chromatography (10% CH2Cl2/hexane) to yield 2.37 
gm (32%) of the complex (21) 
IR (thin flim) – 1988, 1922, 1896 cm-1. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 5.9 (d, J = 7.3 Hz, 1H), 5.0 (d, J = 8.9 Hz, 1H), 4.8 (t, J = 
8.1Hz, 1H), 3.4 (td, J = 8.9, 3.3 Hz, 1H), 3.15 (ddd, J = 8.9, 8.1, 3.3 Hz, 1H), 2.86 (dt, J = 13.2, 
8.9 Hz, 1H), 1.7 (dt, J = 14.6, 3.2 Hz, 1H). 1.1 (s, 9H), 0.4 (s, 6H). 
13
C NMR (CDCl3, 100 MHz, 
ppm): δ = 97.5, 97.1, 89.3, 25.2, 23.4, 52.6, -4.6. 
HRMS (ESI):  m/z calculated for C17H25CrO4Si 373.4596, found 373.4589. 
(1S,3aS,4S,5R,7aS)-1-((tert-butyldimethylsilyl)oxy)-7a-methyl-4-vinyloctahydro-1H-inden-
5-yl 4-methylbenzenesulfonate (31) 
 
 
 
The tosylate 30 (0.5 gm, 1.4 mmol) obtained following ref. 7 was dissolved in methanol (5.0 
mL). The resulting solution was cooled to 0 
o
C and potassium borohydride (0.1 g, 1.75 mmol) 
was added. The reaction mixture was stirred at this temperature for 1 h. Water (10.0 mL) was 
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added to quench the reaction and the residue was extracted with EtOAc (3 X 20 ml). The mixture 
was dried over MgSO4, and concentrated. The crude alcohol was used directly for the next step.  
(a) The alcohol obtained from above was dissolved in THF (5.0 ml), tert-butyldimethylsilyl 
chloride (0.26 g, 2.1 mmol) and imidazole (0.15 g, 2.1 mmol) were added at 0 
o
C temperature. 
The reaction mixture was stirred at room temperature for 18 h. Water was added to the reaction 
mixture, and the mixture was extracted with EtOAc (3 X 20 mL). The combined organic extracts 
were dried over MgSO4 and concentrated. The residue was purified by column chromatography 
(silica gel; hexanes) to form diene 31, 0.41 g (62%). 
IR (thin flim) – 2953, 2931, 2857, 1363, 1174, 1095 cm-1. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 7.79-7.73 (d, J = 7.8 Hz, 2H), 7.34-7.28(d, J = 7.8 Hz, 
2H), 5.41 (td, J = 8.8, 17.6 Hz, 1H), 4.89 (d, J = 15.6 Hz, 1H), 4.75 (d, J = 10.7 Hz, 1H), 4.66 (d, 
J = 1.95 Hz, 1H), 3.63 (t, J = 7.8 Hz, 1H), 2.44 (s, 3H), 2.13 (m, 1H), 4.93 (qd, J = 3.9, 14.6 Hz, 
1H), 1.83 (m, 1H), 1.68 (qt, J = 1.9, 13.7 Hz, 1H), 1.62-1.47 (m, 3H), 1.44-1.29 (m, 3H), 1.14 
(m, 1H), 0.86 (s, 9H), 0.7 (s, 3H), 0.00 (s, 3H), -0.01 (s, 3H). 
13
C NMR (CDCl3, 100 MHz, 
ppm): δ = 144.4, 136.9, 134.3, 129.5, 127.9, 116.3, 83.4, 81.1, 46.2, 40.9, 31.1, 30.0, 27.6, 25.8, 
23.7, 21.6, 18.0, 10.5, -4.5, -4.8. 
HRMS (ESI):  m/z calculated for C25H41O4SiS (M+H)
+
 465.2495, found 465.2494. 
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(b) (1S,3aS,4S,5R,7aS)-7a-methyl-1-((triisopropylsilyl)oxy)-4-vinyloctahydro-1H-inden-5-yl 
4-methylbenzenesulfonate (32) 
 
 
The alcohol obtained from above was dissolved in DMF (4.0 ml), and AgNO3 (0.3 gm, 1.75 
mmol) was added at 0 
o
C temperature. To this mixture a solution of tert-butyldimethylsilyl 
chloride (0.26 g, 2.1 mmol) in DMF (2 mL) was added dropwise and the resulting mixture was 
stirred for 12 hr. The reaction mixture was filtered and extracted with EtOAc (3 X 20 mL). The 
combined extract was evaporated and purified by column chromatography (silica gel; hexanes) 
to form the diene 32, 0.56 g (76%). 
IR (thin flim) – 2951, 2927, 2832, 1359, 1171 cm-1. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 7.78-7.73 (d, J = 7.8 Hz , 2H), 7.32-7.27 (d, J = 7.8 Hz, 
2H), 5.4 (m, 1H), 4.88 (d, J = 1.9, 15.6 Hz, 1H), 4.73 (d, J = 1.9, 10.7 Hz, 1H), 4.65 (d, J = 1.9 
Hz, 1H), 3.79 (t, J = 8.8 Hz, 1H), 2.42 (s, 3H), 2.13 (m, 1H), 1.98-1.81 (m, 3H), 1,67 (m, 1H), 
1.57 (m, 2H), 1.39 (m, 4H), 1.05-1.01 (m, 24H), 0.72 (s, 3H). 
13
C NMR (CDCl3, 100 MHz, 
ppm): δ = 144.4, 136.9, 134.3, 129.5, 127.9, 116.3, 83.5, 81.3, 46.3, 43.4, 40.8, 31.4, 30.5, 27.6, 
23.8, 21.6, 18.1, 18.0, 12.3, 10.5. 
HRMS (ESI):  m/z calculated for C28H47O4SiS (M+H)
+
 507.2964, found 507.2962. 
General Procedure for the elimination reaction 
A solution of potassium t-butoxide (1.0 M soln in THF, 2 eq.) was added to a solution of tosylate  
(1 eq.) in DMSO (5 mL) at 0 °C. The resulting thick solution was stirred at 0 °C for 1 h and after 
the disappearance of starting material the reaction was quenched with water (20 ml). The 
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solution was extracted with dichloromethane (3 X 30 mL). The organic extracts were washed 
with water (3 X 50 mL), dried over MgSO4 and the solvent was evaporated. The residue was 
purified by column chromatography (silica gel; hexane) to form dienes, as a colorless oil. 
(a) tert-butyldimethyl(((1S,3aS,7aS)-7a-methyl-4-vinyl-2,3,3a,6,7,7a-hexahydro-1H-inden-
1-yl)oxy)silane (22) 
 
 
 
 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 6.20 (dd, J = 10.7, 17.6 Hz, 1H), 5.65 (m, 1H), 5.16 (d, J 
= 17.6 Hz, 1H), 4.85 (d, J = 10.7 Hz, 1H), 3.68 (t, J = 7.8 Hz, 1H), 2.26-2.14 (m, 3H), 2.02-2.19 
(m, 2H), 1.74 (m, 1H), 1.62-1.51 (m, 2H), 1.24 (q, J = 10.7 Hz, 1H), 0.88 (s, 9H), 0.72 (s, 3H), 
0.02 (s, 6H). 
13
C NMR (CDCl3, 100 MHz, ppm): δ = 138.7, 137.8, 126.9, 111.5, 79.9, 43.8, 
43.6, 33.2, 31.2, 25.8, 24.5, 23.8, 18.1, 10.9, -4.5, -4.8. 
Spectra matches with reported values in ref 7. 
(b) TIPS- Diene proved to be extremely labile and was used directly after the workup, for the 
next cycloaddition reaction. 
General Method [6π + 4π] cycloaddition 
A dilute solution of chromium(0) complex  (1 eq.) and diene (1.5 eq.) in hexane (300 mL) was 
irradiated under medium-pressure mercury lamp using uranium glass filter until the 
disappearance of the red colour of the solution. The solution was filtered through a short pad of 
celite was removed in vacuo, and the resulting residue was directly purified by column 
chromatography (silica gel; hexane) to afford cycloadduct 35, 0.25 g (70%), as white solid. 
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tert-butyldimethyl(((3S,3aS,5aS,6R,11R,13bS)-3a-methyl-2,3,3a,4,5,5a,6,11,12,13b-
decahydro-1H-6,11-methanocyclodeca[e]inden-3-yl)oxy)silane (38) 
 
 
 
 
 
IR (thin flim) – 2954, 2928, 2857, 1460, 1250, 1109 cm-1. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 6.85 (dd, J = 6.8, 10.7 Hz, 1H), 5.75-5.65 (m, 3H), 5.0 
(dd, J = 4.8, 6.8 Hz, 1H), 3.7 (t, J =6.8 Hz, 1H), 2.88 (t, J = 6.8 Hz, 1H), 2.76 (bs, 1H), 2.59-2.46 
(m, 2H), 2.34 (m, 1H), 2.24 (d, J = 12.7 Hz, 1H), 2.06 (d, J = 12.7 Hz, 1H), 1.97-1.88 (m, 2H), 
1.86-1.70 (m, 2H), 1.51-1.39 (m, 5H), 0.87 (s, 9H), 0.54 (s, 3H), 0.02 (s, 3H), 0.01 (s, 3H). 
13
C 
NMR (CDCl3, 100 MHz, ppm): δ = 145.8, 137.6, 134.9, 125.5, 124.9, 121.2, 81.9, 47.4, 46.3, 
42.8, 40.5, 38.2, 37.6, 35.0, 31.4, 30.9, 28.1, 25.8, 21.9, 18.1, 14.3, -4.4, -4.8. 
HRMS (ESI):  m/z calculated for C25H41OSi (M+H)
+
 385.2927, found 385.2926. 
(3S,3aS,5aS,6R,11R,13bS)-3a-methyl-3-((triisopropylsilyl)oxy)-3,3a,4,5,5a,6,10,11,12,13b-
decahydro-1H-6,11-methanocyclodeca[e]inden-9(2H)-one (major) (47) 
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IR (thin flim) – 2940, 2865, 1658, 1461, 1114 cm-1. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 6.37 (dd, J = 7.3, 12.2 Hz, 1H), 5.98 (d, J = 12.2 Hz, 1H), 
5.27 (m, 1H), 3.81 (t, J = 6.7 Hz, 1H), 3.0 (t. J = 6.7 Hz, 1H), 2.67 (m, 1H), 2.61 (dd, J = 3.0, 
12.2 Hz, 1H), 2.56-2.49 (m, 2H), 2.28-2.24 (m, 3H), 2.15 (m, 1H), 1.97 (m, 1H), 1.88 (m, 1H), 
1.71 (m, 1H), 1.64 (m, 1H), 1.59-1.51 (m, 3H), 1.46-1.39 (m, 4H), 1.02-1.06 (m, 21H), 0.56 (s, 
3H). 
1
H NMR (CDCl3, 125 MHz, ppm) δ = 205.4, 146.8, 142.8, 134.2, 122.9, 82.0, 50.5, 47.3, 
45.3, 41.3, 40.7, 35.0, 32.6, 31.4, 31.2, 27.9, 22.1, 18.1, 18.07, 17.7, 14.5, 12.4. 
HRMS (ESI):  m/z calculated for C28H47O2Si (M+H)
+
 443.3345, found 443.3348. 
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CHAPTER 3 
STUDIES TOWARD THE TOTAL SYNTHESIS OF ECHINOPINES A AND B 
A. Introduction 
 The Echinops spinosus is known to be a significant natural source of a number of 
different classes of biologically active natural products.
61
 Echinopines A (1) and B (2) are two 
unique sesquiterpene marine natural products, which were isolated from the roots of Echinops 
spinosus, by Shi, Kiyota and coworkers in 2008 (Figure 1).
62
 After extensive 1D and 2D NMR 
studies the structures of these two natural products were assigned as a unique [3/5/5/7] carbon 
framework, although the absolute configuration could not be determined accurately. In addition, 
due to the unavailability of enough amount of the natural products 1 and 2, their biological 
activities could not be determined.  
Figure 1. Structures of Echinopines A and B 
 
 
 
 
Biosynthetically, it was proposed that Echinopines A (1) and B (2) can be synthesized 
from a guaiane type precursor 3, through a series of rearrangements.
62
 Conjugate addition of 
water to the -unsaturated double bond of 3 leads to a carbenium intermediate 4, which then 
can undergo a C7(11→13) rearrangement to form the acid derivative 5. Two subsequent 
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cyclization steps can give the natural products 1 and 2. This proposed biosynthetic approach 
inspired detailed investigation of different cyclization methods, which were later applied for total 
synthesis of 1 and 2. 
Scheme 1. Proposed Biosynthetic Pathway for the Synthesis of 1 and 2 
 
 
 
 
 
 
 
Although biological activities of the natural products 1 and 2 are unknown, their 
unprecedented structures have received immense attention from the organic synthetic 
community. In their carbon skeleton, they contain two five membered rings, one three and one 
seven membered ring, respectively, along with five stereocenters and two quaternary carbon 
centers. In order to achieve the total synthesis of these novel sesquiterpenoid structures, several 
novel methodologies have been successfully applied by a number of different groups.
63-68
 So far 
five groups have accomplished the total synthesis of 1 and 2. In 2009, Mulzar and coworkers 
reported the first enantioselective total synthesis of 1 and 2 and determined the absolute 
configurations of these two natural products.
63
 In the same year, Nicolaou and Chen successfully 
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completed racemic and enantioselective synthesis of 1 and 2.
64 
Chen and coworkers later went on 
to report a formal and a total synthesis, successively.
65,66
 However, all these syntheses required 
significantly longer routes (more than 20 steps) and a number of intermediate functional group 
transformations. Very recently, Vanderwall and coworkers achieved a bio-inspired total 
synthesis of echinopine B in a relatively short pathway (13 steps).
67
 But many of the individual 
steps in their synthesis had low yields, leading to a very low overall yield (0.64%). So it is quite 
obvious that a shorter, high yielding and practical synthetic approach is required for the 
acquisition of a reasonable amount of 1 and 2 for investigation of their biological activity. 
B. Previous Approaches for the Total Synthesis of Echinopines A and B 
B.1. Magauer and Tiefenbacher’s Approach ([5/5]→[5/5/7]→[3/5/7] Strategy)63 
In 2009, Magauer and Tiefenbacher reported the first total synthesis of (+)-1 and 2. They 
started the synthesis from cheap commercially available cyclooctadiene 8, which was converted 
into chiral bicyclo[3.3.0]octane compound 9 following an established literature procedure 
(Scheme 2).
69
 The keto compound 9 underwent Peterson olefination
70
 to give an intermediate 
ester compound which was reduced to allylic alcohol 10 with DIBAl-H. Allylic alcohol 10 was 
subjected to Myers [3,3] sigmatropic rearrangement
71
 protocol to form the alkene 11. The keto 
compound 11 was subjected to allylation reaction with allyl iodide in presence of KHMDS base 
and was subsequently epimerized using DBU under thermal condition to form the diene 12. 
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Scheme 2. Synthesis of the RCM Precursor 12 
 
   
 
 
 
 
 
In order to assemble the required seven membered ring, several ring closing metathesis 
(RCM) conditions were examined on the diene 12. The best result was obtained using Grubbs 2
nd
 
generation catalyst, which yielded the tricyclic compound in excellent yield 13 (Scheme 3).
72
 
The keto compound 13 was converted into the corresponding vinyl triflate, which was then 
treated with (1-methoxyvinyloxy)trimethylsilane and Pd(PPh3)4 to from the corresponding ester 
species 14.
73
 The compound 14 underwent cyclopropanation
74
 reaction to form the tetracyclic 
core structure of the natural products 1 and 2. Tetracycle 15 was easily transformed to the 
corresponding natural products 1 and 2 using simple functional group manipulation. The scheme 
involves epoxidation of 15 with DMDO which was reduced with LiAlH4 to diol 16. The diol 
compound 16 was oxidized to keto acid using IBX and Pinnick oxidation,
75
 which underwent 
Witting reaction to give (+)-Echinopine A (1). The natural product 1 was methylated to form (+)-
Echinopine B (2). Therefore they achieved the first total synthesis of 1 and 2 in 20 steps with a 
0.53% overall yield. They were also successful in establishing the absolute stereochemistry of 
the natural products 1 and 2. 
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Scheme 3. Total synthesis of (+)-Echinopines A and B by Magauer and Tiefenbacher 
 
 
 
 
 
 
 
 
 
 
 
B.2 Nicolaou’s Approach ([5]→[3/5/5]→[3/5/5/7] Strategy)64 
 Nicolaou and coworkers reported racemic and asymmetric total synthesis of Echinopines 
A and B in 2010.
64
 The major highlights of their synthesis were an intramolecular rhodium 
catalyzed cyclopropanation and a late stage samarium iodide promoted ring closure reaction. 
Their synthesis began with the commercially available cyclohexenone 17 which was converted 
into cyclopentene compound 18 using standard organic reactions. The compound was subjected 
to Claisen rearrangement
76
 conditions in the presence of triethyl orthoformate to synthesize the 
carboxylic acid derivative 19 (Scheme 4). The carboxylic acid 19 was treated with potassium 
malonate and carbonyl diimidazole to form the keto ester species 20,
77
 which was later treated 
with p-acetamidobenzene sulfenyl azide (p-ABSA) to form the dizao compound 21.
78
 The 
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compound 21 was treated with rhodium acetate to form the important tricyclic cyclopropane 
derivative 22. 
Scheme 4. Synthesis of the Key Tricyclic Intermediate 
  
 
 
 
 
With a viable strategy of synthesizing gram quantities of 22 in hand, they directed their 
efforts towards the synthesis of key seven membered ring. The keto compound 22 was smoothly 
transformed into the allylic alcohol 23 through the formation of the intermediate enol triflate and 
subsequent Stille coupling with Bu3SnCH2OH in the presence of catalytic Pd(PPh3)4 (Scheme 
5).
79
 The alcohol 23 was sequentially transformed into the crucial keto aldehyde compound 24 
using simple reactions. A SmI2 mediated intramolecular pinacol coupling was performed on the 
compound 24 to construct the tetracyclic core structure 25 of the target molecules.
80
 The natural 
products 1 and 2 were obtained from the tetracyclic alcohol 25 through standard functional group 
manipulations. Therefore, they achieved the total synthesis in 39 steps with overall 0.17% overall 
yield. Although a number of interesting reactions were employed, the synthesis was extremely 
long and low yielding. 
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Scheme 5. Completion of the Total Synthesis of Echinopine A and B 
 
 
 
 
 
 
 
 
B.3. Chen’s Approach  
A. ([5/6/7]→[5/5/7]→[3/5/5/7] Strategy)65 
Chen and coworkers made significant contributions towards the total synthesis of 1 and 2. 
They reported a formal asymmetric synthesis and a total synthesis of 1 and 2 consecutively.
65,66 
Their initial approach was inspired by the proposed biosynthetic pathway (Scheme 1) reported 
by Kiyota et al.
62
 They envisioned that a one pot synthesis of a key intermediate [5,6,7] tricyclic 
ring system can be achieved using a Pd(0) mediated cyclo-isomerization reaction/ intramolecular 
Diels–Alder cascade process, starting from a suitable linear starting material (29). The synthesis 
of the required ester intermediate 29 was achieved by a TiCl4 mediated Hosomi-Sakurai reaction 
81 
of aldehyde 26 and allyl silane 27 and subsequent functional group transformations of the 
resulting alcohol compound 28 (Scheme 6). Then the proposed one pot cascade reaction was 
achieved by using in situ formed Pd(PPh3)4 catalyst and subsequent refluxing the reaction 
mixture in toluene solvent to give the anticipated tricyclic product 30.  
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Scheme 6. Synthesis of Key [5/6/7] Tricyclic Compound 
 
 
 
 
 
 
The compound 30 was then transformed into epoxide 31 through few simple reactions. 
The epoxide 31 underwent ring contraction reaction in the presence of montmorillonite K10 to 
form the tricyclic compound 32 (Scheme 7).
22
 Silyl protection of the compound 32 was removed 
and the subsequent elimination reaction with Martin-Sulphurane reagent smoothly delivered the 
ester compound 33. The synthesis of tricycle 33 completed the total synthesis of 1 and 2 as it was 
previously used for the total synthesis of 1 and 2 by Magauer and Tiefenbacher.
63
 Asymmetric 
synthesis was achieved using chiral thiazolidinethione auxiliary
83
 controlled diasetreoselective 
Hosomi-Sakurai reaction followed by 10 simple steps, which provided enantiomerically pure 
cascade cyclization precursor 28. But the synthesis again suffered from a number of 
intermolecular refunctionalization steps and extremely low overall yield (32 steps and 0.10% 
overall yield). 
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Scheme 7. Completion of the Total Synthesis of 1 and 2 
 
 
 
 
 
 
 
 
B. ([5/6/7]→[5/7]→[3/5/5/7] Strategy)66 
Chen et al. later reported another approach towards the total synthesis of 1 and 2 in 
2011.
6
 They prepared the same tricyclic epoxide intermediate 31
65
 using a slightly modified 
approach. Instead of performing ring contraction at this stage, a tosylhydrazine mediated ring 
opening reaction was used to form bicyclic alkyne compound 34 with [5/7] carbon skeleton 
(Scheme 8).
84
 The compound 34 was subsequently transformed into cycloisomerization 
precursor 35 using a four step sequence. The diene-yne 35 was then transformed into the 
tetracyclic aldehyde 36 using a novel reaction condition developed by Trost et al. which includes 
use of CpRu(PPh3)2Cl, CSA and In(OTf)3.
85
 After successfully constructing the [3/5/5/7] core 
structure, aldehyde 36 was oxidized to 1 and latter was esterified to form the natural product 2. 
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Although they were successful in reducing the number of steps and increasing the overall yield 
of the synthesis, it was not viable enough for practical purpose. 
Scheme 8. Total Synthesis of 1 and 2 by Chen et al. 
 
 
 
 
 
 
 
 
 
B4. Vanderwal’s Approach ([6]→[5/7]→[3/5/5/7] Strategy)67 
The most recent racemic total synthesis of 2 was achieved by Vanderwal and coworkers 
using a biomimmetic approach
62
 i.e. synthesis of 2 through a cascade cyclization starting from a 
guaiane-like precursor (Scheme 1).
67
 The synthesis commenced with the cyclopropanation of 
ketoester starting material (37) to synthesize cyclopropane derivative 38 (Scheme 9). The 
siloxycyclopropane 38 was treated with FeCl3 to promote a Saegusa type ring expansion to form 
cycloheptenone 39.
86
 The compound was 39 converted to tosylate 40 in three simple steps. The 
tosylate ester 40 underwent an intramolecular enolate alkylation to generate bicyclic guanine 
type derivative 41. The important bicyclic cascade cyclization precursor 42 was obtained from 
the compound 41 in four steps. The compound 42 underwent a novel cascade cyclization to form 
the tetracyclic enol ether 43 in the presence of catalytic amount of PtCl2.
87
 A PCC oxidation of 
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43 completed the total synthesis of 2 in only 13 steps. Although the number of chemical steps 
was significantly less in this particular synthesis, the overall yield (0.64%) did not improve much 
compared to the earlier reported syntheses. Several of the key steps suffered from very low 
yields, reducing the overall yield of the synthesis. 
Scheme 9. Racemic Total Synthesis of Echinopine B by Vanderwal and Coworkers 
 
 
 
 
 
 
 
 
 
 
 
C. Results and Discussion 
After careful analysis of all previously reported syntheses, it is quite obvious that a major 
challenge in the total synthesis of 1 and 2 is the construction of bicyclo[4.2.1]nonane core 
structure. As we mentioned in chapter 1, this is very difficult to achieve by normal means and is 
one of the major reasons why a number of additional steps had to be performed by other groups 
in order to achieve the total synthesis of 1 and 2. We recognized that this bicyclo[4.2.1]nonane 
core can be easily achieved by our established [6π + 2π] cycloaddition reaction.88 But in our 
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initial retrosynthetic analysis (Scheme 10), we envisioned that we can achieve the total synthesis 
of 1 and 2 in even easier way from the novel tetracyclic structures (43) which can be obtained by 
using Cr(0)-promoted photochemical [6π+2π+2π] cycloaddition89 between [η6-1,3,5-
cycloheptatriene]tricarbonylchromium(0) (44) and a suitably substituted terminal alkyne 
(Chapter 1, Scheme 24). The advantage of using these tetracycles as starting materials was that 
they already contain the characteristic [5/5/7] tricyclic moiety present in the natural products 1 
and 2. So only changing the position of the cyclopropane ring could lead us to the natural 
product skeleton.  
Scheme 10. Initial Retrosynthetic Approach for the Natural Products 1 and 2 
([3/5/5/7]→[3/5/5/7] Strategy) 
 
 
 
 
 
  
Several different attempts were made by our senior group member
90
 to achieve the total 
synthesis of 1 and 2 following this particular retrosynthetic approach. But the seemingly easy 
task of the regioselective cyclopropane ring opening proved to be unsuccessful, as the 
cyclopropane ring in the tetracyclic cycloadducts proved to be unexpectedly stable under several 
different conditions (Scheme 11). The expectation was that the carbonyl group adjacent to the 
cyclopropane ring would make it easily cleavable, but this proved to be very difficult in our 
system. The vinyl cyclopropane derivatives itself are known to be very labile but all the ring 
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opening efforts failed to meet any significant success.  An ambitious radical reactive approach 
which could open the undesired cyclopropane ring and form the desired one in a single step was 
also unsuccessful. Under forceful conditions, the highly strained tetracyclic ring systems 
repeatedly led to multiple uncharacterizable rearranged products with none predominating. 
Based on the above observations, we decided to launch a thorough investigation to have insight 
into those rearrangement pathways under forcing conditions. 
Scheme 11. Previous Efforts Directed towards the Total Synthesis of Echinopines A and B 
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D. A Silyl Directed, Acid Catalyzed Rearrangement of a 11-Trimethylsilyl-
tetracyclo[8.1.0.03,7.0
4,11
]undeca-5,8-diene Ring System into the Homotriquinacene Ring 
System 
91
 
In spite of having a powerful tool to synthesize functionally elaborate, complex 
tetracyclic structures in a single step, the utility of the cycloadducts obtained from Cr(0) 
promoted [6+2+2] cycloaddition, have been elusive. Having such a highly challenging 
structure, these tetracycles are often found to be prone to rearrangements to form complex 
mixtures of inseparable products, under several different reaction conditions. On the other hand, 
attempts to selectively open of the cyclopropane ring proved to be extremely difficult. Finally, 
after exhaustive experimentation, we found that the silyl substituted tetracycle 45, available from 
a [6+2+2] cycloaddition of [η6-1,3,5-cycloheptatriene]tricarbonylchromium(0) (44) and 
trimethylsilyl acetylene,
89
 with Bronsted acids promotes a rapid unusual rearrangement forming 
a substituted homotriquinacene  product with unique [6/6/5] carbon framework. We observed 
that treatment of the same tetracycle 45 with conc. H2SO4 leads to rapid formation of the 1,10-
homotriquinacene
92
 (46) in excellent yield. Also, the same tetracycle 45 yielded a single 
diastereomer of  trifluoroacetate substituted product 47 after treatment with trifluoroacitic acid 
(TFA)  (Scheme 12). Structures were unambiguously assigned via extensive 1D and 2D NMR 
studies. Finally X-ray crystallography of the alcohol 48 obtained after the hydrolysis of 
trifluroacetate 48, confirms the unique tricyclic structure. 
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Scheme 12. Bronsted Acid Promoted Rearrangement of tetracycle 45 
 
 
 
 
 
 
 
We were intrigued by the selective and high yielding formation of these rearranged 
products, mainly due the presence of core bicyclo[3.3.1]nonane framework. Bicyclo[3.3.1] 
nonane skeletons are quite abundant in numerous biologically active natural products and their 
synthesis has been studied extensively over the years.
93
 Therefore, in order to investigate the 
scope and the mechanistic details of theses rearrangements, we ventured to optimize the reaction 
conditions. We selected a very weakly acidic nucleophile thiophenol and tested several different 
conditions for the optimal results (Table 1). Lewis acids were not suitable and led to the 
formation of complex mixtures. In the presence of BF3.Et2O and TiCl4, the desired thio-
subsituted product 49 was observed in small yield. Next, we turned our attention toward using 
protic acids as catalysts. Weak organic acid like p-toluenesulfonic acid or camphorsulfonic acid 
were unable to promote the rearrangement, whereas treatment with the strong non-nucleophilic 
acids like H2SO4 and HClO4 yielded substituted product 5 in a high yield along with eliminated 
product 1,10-homotriquinacene 2 as a side product. Ultimately, it was found that a catalytic 
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amount of H2SO4 and an excess of nucleophile were required for optimum yield of the 
substituted product 49. Temperatures did not have any influence on the reaction outcome and 
dichloromethane was found to be the best solvent of for the rearrangement. 
Table 1. Optimization of the Rearrangement Reaction Condition 
  
 
 
 
 
Entry Catalyst
a
 Temperature 
 
Time(hr.) Yield(%) 
1 MgI2,SbF5,Yb(OTf)3, 
SnCl2 etc.  
-78 
o
C to rt 1-2 -
b
 
2 BF3.Et2O 0 
o
C to rt 3 32 
3 TiCl4 -78 
o
C to 0 
o
C 5 27 
4 p-TSA or CSA 0-40 
o
C 12-16 No reaction 
5 HClO4
c 
Rt 0.2 58
d
 
6 H2SO4
c,e
 Rt 0.2 85 
 
In all cases 0.2(M) soln. of 1 were used a unless otherwise stated 0.1 equiv. of catalysts were used.b mixture of inseparable products.c 0.2 eq of 
catalyst d 20% of 2 was formed.e excess (2 eq.) PhSH was found optimal.  
 
After optimizing the reaction conditions, we examined the compatibility of different 
nucleophiles with the reaction conditions. A range of nucleophiles was found to be incorporated 
into the rearranged products (Table 2). Rapid formation of the substituted products was observed 
with bromide, selenide and acetate. Relatively weaker nucleophiles such as azide ion and 
methanol gave reduced yield and a relatively slower conversion to the substituted tricyclic 
product with significant amounts of eliminated 1,10-homotriquinacene 46 being formed. It is 
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important to mention that the ethano-bridged vinyl TMS group of the distant cyclopentene ring 
survived under these reaction conditions, whereas for some more acidic nucleophiles this group 
was found to be labile (Entry 1-4, Table 2). From the results observed in the substrate study 
(Table 1 and 2), it can be concluded that the formation of eliminated and substituted products is 
competitive and appears to involve the presence of a common carbocation containing 
intermediate. Almost in all the cases, a single diastereomer was observed. 
Table 2. Formation of Different Nucleophile Substituted Products. 
 
 
 
 
Entry   Nucleophile     Product      Time(min) Yield(%)    Entry        Nucleophile   Product           Time(min) Yield(%)  
 
1      CF3COOH                                  10          91            4          PhSeH                                                  10            81     
 
 
2     CH3COOH                                  15          77
a                  
5             HN3                                                     60          74
b
 
 
 
3         HBr                                        5             93            6           MeOH
c 
                                                150         66
d
     
                                                                                                                                                                (9.4:1 d.r.)                                                  
 
 
In all cases 0.2(M) soln. of 1 were used a trace amount of 2 (GCMS) b 8% of 2 was formed c MeOH was used as solvent and 0.5 eq. of H2SO4 was 
necessary d 19% of 2 was formed. Yields represent isolated amounts of the products. 
 
After the success obtained in forming differently substituted tricyclic products, we turned 
our attention toward substrate scope. When the trimethylsilyl substituent on the cyclopropane 
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was replaced by a t-butyl or a phenyl group, under similar reaction condition, a complex 
inseparable mixture of nucleophile substituted products were observed, indicating the fact that 
presence of the silyl group is critical for directing the product formation in a specific way. 
(Scheme 13). When the fully reduced form 55 was used, we found it to be unreactive, thereby 
proving the fact that the presence of the double bond on cycloheptane ring in necessary for the 
initiation of rearrangement. When the vinyl trimethysilyl group was replaced, the reaction went 
smoothly to give eliminated product 57, indicating the fact that it has little importance in the 
rearrangement process. Ester substituted tetracycle 58 also successfully lead to the tricyclic 
rearranged product 59. Attempts to form carbon-carbon bonds using carbon containing 
nucleophiles like active methylene compounds, activated aromatic compounds etc. failed to give 
substituted products and a significant amount of alkene product 46 was observed. 
Scheme 13. Substrate Scope of the Acid Catalyzed Rearrangement. 
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With these accumulated results in hand, it can be assumed that the mechanistic pathway 
of the rearrangement involves a series of carbenium intermediates. We envisioned that 
transformation of silyl substituted cyclopropane containing tetracycle is initiated by proton 
assisted regioselective cleavage of the cyclopropane ring to form carbocation intermediate 60 
(Scheme 14). The stability and selective formation of this carbocation intermediate 60 can be 
explained by -silyl effect. The enhanced stability of a carbocation in the carbon with respect to 
silyl group is well documented in the literature
94
 and carbocation and the corresponding 
transition states are believed to be stabilized by the trimethyl silyl group through the formation of 
the “W” conformation.95 Presence of an allylic double bond also significantly influences the 
stability of the intermediate carbenium ion and is extremely crucial for the rearrangement, which 
was evident from the observed inertness of reduced cycloadduct 55. Intermediate 60 was then 
believed to undergo a Wagner-Meerwein rearrangement
96
 to form the β-silyl carbocation 
intermediate 61. The formation of 61 can be explained by increased stability through β-silyl 
effect
97 
and release of ring strain by formation of bicyclo[3.3.1] system containing two six 
membered rings, starting from a five and seven membered ring fused bicyclo[4.2.1] structure.
98
 
Similar kinds of -silyl controlled carbocation rearrangements were previously reported by 
Fleming et al.
99a
 and Shiner Jr. et al.
99b
, respectively (Scheme 15). Norbornyl cations are also 
known to undergo -silyl mediated rearrangement.100 The rearranged cation can then be 
efficiently trapped by suitable nucleophiles attacking from the sterically less hindered exo face 
(62), whereas in the absence of a strong nucleophile, the silyl group simply gets eliminated to 
give alkene products (63). 
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Scheme 14. Proposed Mechanism for the Acid Catalyzed Rearrangement 
 
 
 
 
 
 
 
 
Scheme 15. Examples of -silyl Controlled Carbocation Rearrangements 
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E. Conclusion: 
In conclusion, we have discovered an unusual rearrangement pathway for the 
construction of novel [6.6.5] tricyclic systems, containing important bicyclo[3.3.1]nonane core 
structure. This rapid novel silyl group directed rearrangement proceeds in good to excellent yield 
and provides absolute stereocontrol over five stereogenic centers. Efforts towards expanding the 
substrate scope and synthesis of biologically active natural products using above mentioned 
procedure are currently underway in our laboratory and will be reported in due course (Scheme 
16). 
Scheme 16 
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F. Revised Restrosynthetic Approach for Echinopines A and B ([7]→[5/7]→[5/5/7] 
→[3/5/5/7]) 
As a result of our longstanding interest in Cr(0)-promoted higher order cycloaddition 
reactions, we identified that challenging basic bicyclo[4.2.1]nonane structure could be easily 
accessed by photochemical [6 + 2] cycloaddition reaction.89 In our revised retrosynthetic 
strategy, we envisioned that total synthesis 1 and 2 can be readily achieved from the advanced 
[5.5.7] tricyclic intermediate 64 (scheme 17). Compound 64 could be accessed by a novel 
regioselective intramolecular radical cyclization of compounds 65a or 65b,
101
 which in turn 
could be formed from intermediate 66 through simple functional group manipulation. Bicyclo 
[4.2.1] nonane intermediate 66 can be obtained from a photochemical [6 + 2] cycloaddition of 
alkyne 67 and [η6-1,3,5-cycloheptatriene]tricarbonylchromium(0) complex 44. 
Scheme 17. Revised Restrosynthetic Scheme for 1 and 2 
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From the previous results reported by our and Sheridan group, we were very confident 
about the success of the photochemical [6 + 2] cycloaddition between 44 and disubstituted 
alkynes.
89
 But the lack of precedence of the critical intramolecular radical cyclizations involving 
unactivated dienes prompted us to delve into a model system to test the effectiveness of our 
proposed approach. Keeping this objective in mind, known trimethyl silyl substituted alkyne 68 
was treated with 44 using a common protocol used for photochemical [6 + 2] cycloaddition, 
followed by decomplexation using P(OMe)3, giving the bicyclo[4.2.1]nonane intermediate 69 in 
excellent yield (Scheme 18).
89
 The silyl ether 69 was subsequently silyl deproteced using TBAF, 
to yield alcohol 70, which was then converted into the corresponding iodo derivative 71 by 
treatment with PPh3/I2 mixture. With the iodo compound 71 in our hand, it was subjected to 
standard radical cyclization condition i.e. reflux with tributyltin hydride (Bu3SnH) in the 
presence of catalytic azobisisobutyronitrile (AIBN). We were pleased to obtain the desired 
[5,5,7] tricyclic core structure 72 with excellent stereo and regioselectivity, in modest 32% yield 
(not optimized), thus lending credibility to our intramolecular radical cyclization approach. 
Scheme 18. Model System Study 
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With the success of our model system study, we commenced our synthetic efforts 
towards the total synthesis of echinopines A (1) and B (2). Properly substituted alkynoate 67 was 
easily prepared in multigram scale, following a novel CuI catalyzed C-H insertion method 
reported by Fu and coworkers from the commercially available protected alkyne 73 (Scheme 
19).
102
 Following the typical reaction condition for [6π + 2π] cycloaddition, a hexane solution of 
44 (1.0 equiv.) and excess (3 equiv.) alkyne 67 was irradiated using Canrad-Hanovia 450-W 
medium-pressure mercury vapor lamp under constant Argon purging. The reaction proceeded 
with excellent endo-selectivity as previously reported and after decomplexation of the Cr(0)-
complexed cycloadduct, gave bicyclo[4.2.1]nonane intermediate 74 in gram scale. Formation of 
a mixture of [6 + 2 + 2] tetracyclic cycloadducts as undesired minor side products could not 
be avoided under any circumstances and was responsible for the somewhat reduced (71%) yield 
of 74 in an otherwise smooth reaction.
103
 The trimethyl sillyl protection was readily removed by 
treatment with TBAF, to form the corresponding alcohol 75 in excellent yield. The alcohol 75 
was then converted to the required radical cyclization precursor 76a and 76b by treatment with 
PPh3/I2/imidazole and 1,1’-(thiocarbonyl)diimidazole respectively, in good yield. 
Having secured a very short and straightforward route to the radical cyclization 
precursors, we turned our attention to the optimization of the key intramolecular radical 
cyclization step. A number of different conditions were tested for the purpose (Table 1). We 
started our investigation with the iodo substrate 76a. The slow addition of tributyltinhydride and 
AIBN mixture to the refluxing diluted toluene solution of 76a gave a mixture of inseparable 
products, whereas one portion addition gave the desired tricyclic product 64 as a single isolable 
product, in modest 41% yield. One equivalent of radical initiator AIBN was found to be optimal 
for faster conversions. Changing the hydride source or radical initiator, failed to improve the 
67 
 
 
yield. SmI2 promoted radical cyclization lead to decomposition of the starting material.
104
 
Finally, we were pleased to observe that by changing substrate to xanthate 76b, acceptable 61% 
yield was obtained.
105 
Scheme 19. Synthesis of the Radical Cyclization Precursors 76a and 76b 
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Table 3. Optimization of the Radical Cyclization Procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Entry  Substrate  Condition  Radical  
initiator  
Hydride  
Source  
Time  
(h)  
Yiel
d (%)  
1 29a  A
a
  AIBN 
(0.1 eq) 
TBTH 2 -
b
  
2 29a  B
c
  AIBN 
(0.1 eq) 
TBTH 6 37 
3 29a  B AIBN 
(1 eq) 
TBTH 1.5 41 
4 29a  B AIBN/ 
ABCN 
(1 eq.) 
 
TBTH/ 
TPTH/ 
TTMSS 
1-3 28-39 
5 29a   SmI2  tBuOH  0.5 -
d
  
6 29b  A AIBN 
(1 eq) 
TBTH 1 -
b
  
7  29b  B  AIBN  
(1 eq)  
TBTH  1.5  61  
 
a Procedure A – slow addition of TBTH/AIBN mixture to the refluxing dilute toluene solution of 4a/4b, through syring pump. b complex 
inseparable mixture. c Procedure B- slow addition of TBTH/AIBN mixture to the refluxing dilute toluene solution, through syring pump. d starting 
material decomposed. 
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Synthesis of the tricyclic methyl ester derivative 64 constitutes a formal synthesis of 
echinopine A and B as the conversion on 64 to 1 and 2 can be achieved in simple five and six 
steps respectively as reported by Magauer, Mulzer, and Tiefenbacher in 2009 (Scheme 20).
63
 
Thus we have successfully achieved a practical formal synthesis of echinopine A and B using a 
five step (26% overall yield) sequence to a reported intermediate 64 starting from the 
commercially available TMS protected butyn-1-ol  73. The complete synthesis comprises of only 
ten and eleven steps to the natural products Echinpine A and B, making it the shortest route 
compared to the already reported syntheses. 
63-68 
Scheme 20. Formal Total Synthesis of 1 and 2 
 
 
 
 
 
G. Efforts towards Assymetric Synthesis: 
 Induction of asymmetry into Cr(0)-mediated higher order cycloaddition has always been 
a challenging subject. After numerous studies, our group discovered that by using a chiral 
auxiliary or a chiral pool, good cycloadducts can be obtained in excellent diastereoslectivity. So 
two different chiral alkynes were prepared, but in both cases less than 20% diasteroselectivity 
were observed (Scheme 21). In case of alkyne 77, the presence of a freely rotating methylene 
group may be responsible for the poor diasteroselecivity. We were very hopeful on the alkyne 
78, synthesized from D-mannitol, because a similar chiral pool containing alkene previously 
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produced excellent diasteroselectivity after the cycloaddition. At this point we believe that as the 
reaction doesn’t proceed through a closed transition state, there are always chances of free 
rotation of the chiral group making asymmetric induction quite challenging. So we are hoping a 
chiral auxiliary attached to an ester group right next to the alkyne 79 carbon may provide a better 
chiral induction. 
Scheme 21. Efforts towards the Asymmetric Synthesis 
 
 
 
 
 
 
 
 
 
 
 
 
H. Future Work 
 In order to achieve the total synthesis of 1 and 2 from the intermediate in a different 
pathway compared to the one reported by Magauer, Mulzer, and Tiefenbacher, we are currently 
working on functionalizing the cycloheptene double bond of 64. Instead of epoxidation and the 
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subsequent reductive ring opening of the corresponding epoxide (Scheme 22), which also 
reduces the required ester group, this pathway will leave the important ester untouched. But the 
main challenge in this path is the regioselective functionilzation of the double bond, since a 
carbon or oxygen substitution on the more hindered alkene C-9 side is required. So we believe 
that the oxymercuration reaction or ene reactions with singlet oxygen can install the required 
oxygen in position. After securing the required alcohol 81, it can be oxidized to the keto 
derivative 82 and the subsequent Witting olefination with a suitable phophonium salt can give 
the required terminal alkene group of Echinopine B (2). Hydrolysis of 2 can give us the natural 
product 1. 
Scheme 22. Proposed Synthesis Completion Sequence 
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I. Conclusion 
So in summary we have accomplished a rapid scalable formal synthesis of echinopine A 
and B. The required internal alkyne 67 for the critical cycloaddition was obtained using a novel 
CuI catalyzed C-H bond insertion reaction. Cr(0)-promoted photoinduced [6 + 2] 
cycloaddition of the alkyne 67 with the Cr(0)-complex 44 gave the important 
bicyclo[4.2.1]nonane derivative. We also demonstrated the use of an unprecedented 
intramolecular radical cyclization involving a non-nucleophilic radical and unactivated diene to 
access the tricyclic natural product core structure in only five linear steps. Being a very short and 
straightforward synthesis using simple and scalable reactions, our method provides a significant 
advantage compared to the previously reported methods as syntheses of the several natural 
product analogs and their biological activity evaluation can be achieved in this pathway. An 
effort towards enantioselective total synthesis is currently underway in our laboratory. 
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J.Experimental:                                                                                                                                        
Generals: All reactions were carried out under nitrogen atmosphere in a flame-dried round 
bottom flask with magnetic stirring. All reagents and solvents were of commercial grade and 
were used without further purification. Analytical thin-layer chromatography was performed 
with 0.25 mm coated commercial silica gel plates (EMD, Silica Gel 60F254) with visualizing 
reagents such as p-anisaldehyde. Flash chromatography was performed with Whatman silica gel 
(Purasil 60 Å, 230-400 Mesh). Melting points were obtained on a Thomas-Hoover apparatus in 
open capillary tubes. Proton nuclear magnetic resonance (
1
H NMR) data were acquired on 400 
MHz Varian Mercury or 500 MHz Varian Unity-500. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance resulting from incomplete deuteration as the 
internal reference (CDCl3: δ 7.26). Multiplicities are described as s (singlet), d (doublet), dd, 
ddd, etc. (doublet of doublets, doublet of doublets of doublets, etc.), t (triplet), q (quartet), quint 
(quintuplet), m (multiplet), and coupling constants (J) are reported in Hz. Carbon-13 nuclear 
magnetic resonance (
13
C NMR) data were acquired on 400 MHz Varian Mercury or 500 MHz 
Varian Unity-500. Chemical shifts are reported in ppm from tetramethylsilane with the solvent as 
the internal reference (CDCl3: δ 77.00). Infrared (IR) spectra were recorded on a Perkin Elmer 
Spectrum RX-1 FT-IR system, ν
max 
in cm
-1
. High resolution mass spectras (HRMS) were 
recorded using APCI-TOF. 
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A Silyl Directed, Acid Catalyzed Rearrangement of a 11-Trimethylsilyl-
tetracyclo[8.1.0.03,7.0
4,11
]undeca-5,8-diene Ring System into the Homotriquinacene Ring 
System 
31
 
General procedure for acid catalyzed rearrangement 
Method A: To a 50 mg (1 equiv.) dichloromethane solution (1 mL) of 45, 2 equiv. of the 
nucleophile was added and stirred for a minute. Then 1 drop of conc. H2SO4 was added. The 
color of the solution immediately turned dark red or black. The reaction was monitored with 
TLC. Upon consumption of starting material, the reaction was quenched with saturated aqueous 
sodium bicarbonate solution and extracted with dichloromethane (3x15mL). The combined 
organic layers were dried over anhydrous MgSO4. After filtration and evaporation of the solvents 
in vacuo, the crude product was purified by column chromatography on silica gel (100% hexane) 
to yield the substituted product as colorless oil. 
Method B: To a 0.2(M) dichloromethane solution (1 equiv.) of 11-trimethylsilyl-
tetracyclo[8.1.0.0
3,7
.0
4,11
]undeca-5,8-diene, conc. H2SO4 (1.2 equiv.) was added drop wise. The 
reaction was monitored with TLC. Upon consumption of starting material, the reaction was 
quenched with saturated aqueous sodium bicarbonate solution and extracted with 
dichloromethane (3x15mL). The combined organic layers were dried over anhydrous MgSO4. 
After filtration and evaporation of the solvents in vacuo, the crude product was purified by 
column chromatography on silica gel (100% hexane to 10:1 hexane/ethyl acetate solution) to 
yield the eliminated product as a colorless oil. 
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Spectral Data: 
Tricyclo[5.2.2.0
4,8
]undeca-5,10-dien-2-yl trifluoroacetate (47): 
 
 
 
Product 47 was obtained as colorless oil via method A using CF3COOH, in 91% yield. 
Rf – 0.52 (100% hexane); IR (thin flim) - 2935, 2865, 1798, 1223 cm
-1
. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 1.5 (m, 1H), 1.68 (d, J = 14.59 Hz, 1H), 1.96 (m, 1H), 
2.11 (d, J = 12.97, 1H), 2.39 (m, 1H), 2.53 (m, 1H), 2.6 (dq, J = 3.24, 8.1 Hz, 1H), 3.12 (m, 1H), 
5.12 (m, 1H), 5.72–5.82 (m, 3H), 5.92 (m, 1H). 13C NMR (CDCl3, 100 MHz, ppm): δ = 21.9, 
31.3, 32.8, 36.5, 37.5, 45.7, 78.5, 126.8, 131.6, 133.2, 138.0.
 19
F NMR (CDCl3, ppm): δ = -75.31. 
HRMS (APCI):  calculated for [C13H13O2F3 + H]
+
 259.0946, found 259.0941. 
Tricyclo[5.2.2.0
4,8
]undeca-5,10-dien-2-ol (48) : 
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To a solution of 3 (70 mg, 2.7 mmol) solution in methanol (1 mL) at room tempearature, 
solid K2CO3 (0.75 mg, 5.4 mmol, 2 equiv.) was added in one portion. The reaction mixture was 
stirred for 30 min. The reaction was quenched with 2 mL of 10% HCl solution and was extracted 
with ethyl acetate. The combined organic extracts were washed with brine, dried (over MgSO4), 
filtered and concentrated. The residue was purified by flash chromatography on silica gel 
(hexane/EtOAc, 100:0 to 90:10) to afford alcohol 4 (41 mg, 93%) as a white solid. 
Rf – 0.24 (hexane/EtOAc, 10:1); Melting point – 122-124
o
C. 
IR (thin film) - 3342(broad), 2928, 1247, 1065 cm
-1
. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 1.35 (ddd, J = 4.88, 9.15, 15.25 Hz, 1H), 1.59 (d, J = 
12.81 Hz, 2H), 1.77 (ddd, J = 1.83, 7.93, 14.64 Hz, 1H), 2.23 (d, J = 12.81 Hz, 1H), 2.27-2.35 
(m, 2H), 2.61 (dq, J = 2.44, 7.32 Hz, 1H), 3.07 (m, 1H), 3.96 (q, J = 3.05 Hz, 1H), 5.65–5.71 (m, 
2H), 5.77 (m, 1H), 5.9 (m, 1H). 
13
C NMR (CDCl3, 125 MHz, ppm): δ = 21.4, 34.9, 36.3, 37, 
37.7, 45.8, 70.9, 129.0, 131.3, 131.4, 138.5.  
HRMS (APCI):  calculated for [C11H14O + H]
+
 163.1123, found 163.1119. 
 10-(Phenylsulfanyl)tricyclo[5.2.2.0
4,8
]undeca-2,5-diene (49): 
 
 
 
 
Product 49 was obtained as colorless oil via method A using PhSH, in 85% yield. 
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Rf – 0.51 (100% hexane); IR (thin flim) - 3046, 2921, 1476, 1437, 733 cm
-1
. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 154–1.65 (m, 2H), 1.88 (ddd, J = 3.9, 7.82, 14.67 Hz, 
1H), 2.3 (d, J = 13.69, 1H), 2.34–2.44 (m, 2H), 2.7 (dq, J = 2.93, 7.82 Hz, 1H), 3.09 (m, 1H), 
3.44 (m, 1H), 5.7–5.78 (m, 3H), 5.86 (m, 1H), 7.21 (m, 1H), 7.26–7.33 (m, 2H), 7.38–7.43 (m, 
2H).
 13
C NMR (CDCl3, 125 MHz, ppm): δ = 23.5, 32.0, 33.7, 36.5, 38.5, 45.9, 48.3, 126.5, 
128.9, 130.2, 131.2, 131.4, 132.0, 137.8. 
HRMS (APCI): Calculated for [C17H18S + H]
+  
255.1207; Found 255.1196. 
Tricyclo[5.2.2.0
4,8
]undeca-5,10-dien-2-yl acetate (50): 
 
 
 
Product 50 was obtained as yellow oil via method A using CH3COOH, in 77% yield. 
Rf – 0.3 (100% hexane); IR (thin flim) - 2932, 2892, 1741, 1162 cm
-1
 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 1.39 (ddd, J = 4.88, 9.15, 15.25 Hz, 1H), 1.61 (m, 1H), 
1.83 (ddd, J = 2.44, 7.93, 15.25 Hz, 1H), 2.07 (s, 3H), 2.09 (t, J = 13.43 Hz, 1H), 2.34 (bs, 1H), 
2.42 (bs, 1H), 2.56 (dq, J = 2.44, 7.93 Hz, 1H), 3.08 (m, 1H), 4.91 (q, J = 3.66 Hz, 1H), 5.78–5.7 
(m, 3H), 5.9 (m, 1H). 
13
C NMR (CDCl3, 125 MHz, ppm): δ = 21.5, 22.2, 31.7, 33.1, 36.8, 37.9, 
47.8, 73.3, 128.1, 131.5, 132.1, 138.3, 170.6. 
HRMS (APCI): Calculated for [C13H16O2 + H]
+  
205.1229; Found 205.1228. 
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10-Bromotricyclo[5.2.2.0
4,8
]undeca-2,5-diene (51) : 
 
 
 
 
Product 51 was obtained as colorless oil via method A using HBr, in 93% yield. 
Rf – 0.62 (100% hexane); IR (thin flim) - 2970, 2901, 1265, 1055, 734 cm
-1
. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 1.7–1.81 (m, 2H), 2.17 (ddd, J = 1.83, 7.93, 15.87 Hz, 
1H), 2.34 (bs, 1H), 2.5 (d, J = 12.81 Hz, 1H), 2.58 (bs, 1H), 2.65 (dq, J = 3.05, 7.32 Hz, 1H), 
3.07 (m, 1H), 4.45 (m, 1H), 5.68–5.77 (m, 3H), 5.91 (m, 1H). 13C NMR (CDCl3, 125 MHz, 
ppm): δ = 23.9, 36.5, 37.1, 37.3, 37.5, 46.3, 55.9, 128.0, 131.4, 132.5, 138.2.  
HRMS (APCI): Calculated for [C11H13
79
Br + H]
+  
225.0279; Found 225.0271. Calculated for 
[C11H13
81
Br + H]
+  
227.0258; Found 227.0254. 
10-(Phenylselenyl)tricyclo[5.2.2.0
4,8
]undeca-2,5-diene (52): 
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Product 52 was obtained as colorless oil via method A using PhSeH, in 81% yield. 
Rf – 0.47 (100% hexane); IR (thin flim) - 3074, 2953, 2857, 1363, 1174 cm
-1
. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 1.64–1.73 (m, 2H), 1.97 (ddd, J = 2.93, 7.82, 14.67 Hz, 
1H), 2.21 (dt, J = 2.93, 12.71 Hz, 1H), 2.36 (m, 1H), 2.52 (m, 1H), 2.69 (dq, J = 2.93, 7.82 Hz, 
1H), 3.07 (m, 1H), 3.54 (m, 1H), 5.7–5.74 (m, 3H), 5.85 (m, 1H), 7.24–7.29 (m, 3H), 7.55 (dd, J 
= 2.9, 3.9 Hz, 2H).
 13
C NMR (CDCl3, 125 MHz, ppm): δ = 24.9, 33.0, 36.7, 38.8, 46.0, 46.1, 
127.1, 129.0, 130.0, 131.2, 132.0, 134.0, 137.9.  
HRMS (APCI):  Calculated for [C17H18Se + H]
+  
299.0668; Found 299.0665. 
{2-Azidotricyclo[5.2.2.0
4,8
]undeca-2,5-dien-5-yl}trimethylsilane (53): 
 
 
 
Product 53 was obtained as colorless oil via method A using HN3, in 74% yield. 
Rf – 0.32 (100% hexane); IR (thin flim) – 2950, 2853, 1962, 1248, 1028, 835 cm
-1
. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 0.07(s, 9H), 1.33 (d, J = 14.03 Hz, 1H), 1.8 (dd, J = 7.32, 
15.87 Hz, 1H), 2.13 (ddd, J = 4.27, 10.37, 14.03 Hz, 1H), 2.22 (dd, J = 9.76, 15.86 Hz, 1H), 2.36 
(q, J = 6.71 Hz, 1H), 2.52 (m, 1H), 2.65 (dt, J = 3.05, 6.71 Hz, 1H), 3.10 (dd, J = 2.44, 6.1 Hz, 
1H), 3.86 (td, J = 1.83, 9.76 Hz, 1H), 5.85–5.95 (m, 3H). 13C NMR (CDCl3, 100 MHz, ppm) δ = 
-1.4, 26.2, 27.0, 37.9, 39.5, 40.0, 53.7, 56.8, 135.4, 136.8, 138.7, 150.3.  
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HRMS (APCI):  Calculated for [C14H21N3Si – N2 + H]
+  
232.1522; Found 232.1526. Calculated 
for [C14H21N3Si – N3]
+  
217.1418; found 217.1413. 
{2-Methoxytricyclo[5.2.2.0
4,8
]undeca-2,5-dien-5-yl}trimethylsilane (54): 
 
 
 
Product 54 (d.e. = 9.4:1) was obtained as colorless oil via method A using MeOH as solvent and 
nucleophile, in 66% yield. 
Rf – 0.44 (100% hexane); IR (thin flim) - 3018, 2953, 2926, 1248, 909, 835 cm
-1
. 
1
H NMR (major diasteromer) (CDCl3, 500 MHz, ppm) δ = 0.07(s, 9H), 1.19-1.26 (m, 2H), 
1.46 (d, J = 12.2 Hz, 1H), 1.83 (m, 1H), 2.09 (d, J = 12.2 Hz, 1H), 2.3 (m, 1H), 2.45 (m, 1H), 
2.56 (dq, J = 2.44, 7.93 Hz, 1H), 3.18 (m, 1H), 3.33 (s, 3H), 5.78 (m, 1H), 5.84 (m, 1H), 6.13 (d, 
J = 6.7 Hz, 1H). 
13
C NMR (CDCl3, 125 MHz, ppm) δ = -0.9, 21.9, 31.7, 34.2, 37.3, 38.6, 48, 
56.1, 79.5, 132.3, 137.5, 138.8.  
HRMS (APCI):  Calculated for [C15H24OSi + H]
+  
249.1675; Found 249.1679. 
Tricyclo[5.2.2.0
4,8
]undeca-2,5,10-triene (46): 
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Product 46 was obtained as a colorless oil via method B, in 72% yield. 
Rf - 0.72 (100% hexane); IR (thin flim) – 2957, 2929, 1250, 1038, 835 cm
-1
. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 1.78–1.83 (t, J = 3.05 Hz, 2H), 2.65 (m, 1H), 2.76 (m, 
1H), 3.10–3.15 (m, 2H), 5.58 (dd, J = 3.6, 9.8 Hz, 2H), 5.68–5.71 (m, 2H), 5.93–5.99 (m, 2H). 
13
C NMR (CDCl3, 125 MHz, ppm): δ = 28.2, 29.9, 34.9, 45.6, 127.9, 132.1, 132.6. 
HRMS (APCI): Calculated for [C11H12 + H]
+ 
145.1017; Found 145.1010. 
2-(7-Methyltricyclo[5.2.2.0
4,8
]undeca-2,5,10-trien-5-yl)ethanol (57): 
 
 
 
 
 
Product 57 was obtained as a colorless oil via method B, in 81% yield. 
Rf – 0.24 (hexane/EtOAc, 10:1); IR (thin flim) - 3332(broad), 2973, 2928, 1265, 1046 cm
-1
 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 1.13 (s, 3H), 1.8–1.72 (tt, J= 2.4, 15.2 Hz, 2H), 2.39 (t, J 
= 6.7 Hz, 2H), 2.46 (m, 1H), 2.56 (m, 1H), 3.13 (m, 1H), 3.75 (t, J = 6.7 Hz, 2H), 5.26 (s, 1H), 
5.46 (d, J = 9.8 Hz, 1H), 5.58 (dd, J = 3.7, 9.8 Hz, 1H), 5.89 (dd, J = 6.7, 9.1 Hz, 1H), 5.99 (dd, J 
= 8.5, 7.9 Hz, 1H). 
13
C NMR (CDCl3, 125 MHz, ppm): δ = 26.3, 26.5, 29.9, 32.5, 43.1, 48.6, 
60.6, 126.9, 130.0, 133.2, 133.9, 134.0.  
HRMS (APCI): Calculated for [C14H18O + H]
+  
203.1436; Found 203.1429. 
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Methyl tricyclo[5.2.2.0
4,8
]undeca-2,5,10-triene-3-carboxylate (59): 
 
 
 
 
Product 59 was obtained as a colorless oil via method B, in 62% yield. 
Rf – 0.32 (hexane/EtOAc, 20:1); IR (thin flim) - 2955, 2874, 1747, 1251. 1095 cm
-1
 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 2.06 (d, J = 3.05 Hz, 2H), 2.86 (m, 1H), 3.10–3.16 (m, 
2H), 3.76 (m, 3H), 5.63–5.69 (m, 4H), 6.01 (d, J = 9.76 Hz, 2H). 13C NMR (CDCl3, 125 MHz, 
ppm): δ = 31.5, 33.8, 45.0, 52.3, 128.1, 130.7, 132.3, 166.5. 
HRMS (APCI): Calculated for [C13H14O2 + H]
+  
203.1072; Found 203.1072. 
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Formal Total Synthesis of Echinopines A (1) and B (2) 
 The Cr(0)-complex 44 and the alkyne 68 was prepared following literature procedure. The 
alkyne 67 was purchased from GFS chemical. 
Tert-butyldimethyl(2-(8-(trimethylsilyl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)ethoxy)silane 
(69) 
 
 
 
In a photochemical reactor outfitted with a water –cooled Pyrex immersion well, a 
solution of complex 44 (400 mg, 1.75 mmols) in hexane (0.4 L) was irradiated for 4 h with a 
Canrad-Hanovia 450 W medium-pressure mercury vapor lamp under argon bubbling and 
stirring. The alkyne 68 (0.9 gm, 3.53 mmol) in hexane (20 mL) was introduced to the reaction 
mixture and solution was irradiated for 2 h with continuous argon bubbling. The resulting orange 
solution was filtered through a pad of celite and the cake was washed with hexanes. The filtrate 
was reduced in volume to 20 mL. The resultant mixture was stirred with P(OMe)3 (2 mL) at 
room temperature until the solution was colorless (2 h). The mixture was then concentrated in 
vacuo and purified by flash chromatography on SiO2 (hexane/EtOAc, 98:2) to afford 0.5 gm 
(82%) of the colorless product 69. 
1
H NMR (400 MHz, CDCl3) δ = 6.12 (dd, J = 7.32, 10.9 Hz, 1H), 6.07 (dd, J = 7.32, 10.9 Hz, 
1H), 6.79 (dd, J = 7.32, 10.9 Hz, 1H), 5.72 (dd, J = 7.32, 10.9 Hz, 1H), 3.68-3.63 (m, 2H), 3.26 
(t, J = 7.32 Hz, 1H), 3.08 (t, J = 7.32 Hz, 1H), 2.54 (m, 1H), 2.38 (m, 1H), 2.08 (td, J = 6.7, 10.9 
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Hz, 1H), 1.5 (d, J = 10.9 Hz, 1H), 0.91 (s, 9H), 0.14 (s, 9H), 0.07 (s, 6H).
 13
C NMR (100 MHz, 
CDCl3) δ = 145.2, 139.6, 138.3, 134.4, 124.5, 123.1, 63.3, 48.7, 48.3, 33.1, 31.2, 25.9, 0.6, -5.2. 
IR [cm
-1
]: 2954, 2927, 2856, 1248, 1068. 
HRMS (ESI) (m/z): [M+H]
+
 calcd. for C20H37OSi2: 349.2383, found: 349.2374. 
2-(8-(trimethylsilyl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)ethanol (70) 
 
 
 
To a solution of cycloadduct 69 (400 mg, 1.14 mmol) in THF (5 mL) under Argon 
atmosphere at 0
 o
C, was added drop wise TBAF (1M in THF, 4.6 mL, 4.56 mmol). The mixture 
was warmed to room temperature and stirred for 2 h. Water (10 mL) was added and the mixture 
was extracted with EtOAc (3x25 mL). The organic extracts were combined, washed with brine, 
dried over MgSO4 and then was filtered and concentrated. The crude residue was purified by 
flash chromatography on SiO2 (hexane/EtOAc, 90:10) to afford 255 mg (95%) of the colorless 
alcohol 70. 
1
H NMR (400 MHz, CDCl3) δ = 6.2-6.12 (m, 2H), 5.86 (dd, J = 7.32, 10.9 Hz, 1H), 5.75 (dd, J = 
7.32, 10.9 Hz, 1H), 3.72-3.62 (m, 2H), 3.2 (t, J = 7.32 Hz, 1H), 3.14 (t, J = 6.7 Hz, 1H), 2.6 (m, 
1H), 2.36 (m, 1H), 2.13 (td, J = 6.7, 10.9 Hz, 1H), 1.53 (d, J = 11.5 Hz, 1H), 0.17 (s, 9H).  
13
C 
NMR (100 MHz, CDCl3) δ = 144.5, 140.2, 138.2, 137.8, 124.8, 123.0, 62.2, 48.8, 48.6, 33.5, 
31.2, 0.8.  
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IR [cm
-1
]: 2932, 2857, 1248, 909, 836. 
HRMS (ESI) (m/z): [M+Na]
+
 calcd. for C14H22OSiNa: 257.1338, found: 257.1342. 
(8-(2-iodoethyl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)trimethylsilane (71) 
 
 
 
To a solution of alcohol 70 (200mg, 0.85 mmol) in DCM (4 ml), triphenylphophine (0.17 
g, 1.1 mmol) and imidazole (75 mg, 1.1 mmol) was added at room temperature. The mixture was 
cooled to 0 
o
C, and solid iodine was introduced (0.27 gm, 1.1 ml) in small portions to the 
mixture. The resulting mixture was warmed to room temperature and stirred for 1 h. Then 
saturated aq. sodium bisulfite was added until the solution turn light yellow. The mixture was 
extracted with DCM (2x15 mL). The organic extracts were combined, dried over MgSO4, 
filtered and concentrated. The crude residue was purified by flash chromatography on SiO2 
(hexane/EtOAc, 98:2) to afford 229 mg (78%) of the iodo compund 71. 
1
H NMR (400 MHz, CDCl3) δ = 6.11 (dd, J = 7.8, 10.7 Hz, 1H), 6.04 (dd, J = 7.82, 10.7 Hz, 
1H), 6.81(dd, J =6.8, 10.7 Hz, 1H), 6.73 (dd, J = 6.8, 10.7 Hz, 1H), 3.22 (t, J = 7.8 Hz, 1H), 3.17-
3.08 (m, 3H), 2.88 (td, J = 7.8, 14.6 Hz, 1H), 2.68 (m, 1H), 2.09 (td, J = 6.8, 11.7 Hz, 1H), 1.51 
(t, J = 11.7 Hz, 1H), 0.14 (s, 9H).
 13
C NMR (100 MHz, CDCl3) δ = 139.3, 137.6, 125.0, 123.4, 
48.4, 47.8, 34.3, 31.0, 4.4, 0.5. 
IR [cm
-1
]: 3019, 2953, 2910, 1247, 972, 832. 
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HRMS (APCI) (m/z): [M+H]
+
 calcd. for C14H22SiI: 345.0536, found: 345.0543. 
((3a)-3,3a,6,7,8,8a-hexahydro-2H-1,7-(metheno)azulen-9-yl)trimethylsilane (72) 
 
 
 
To a refluxing solution of iodo compound 71 (200 mg, 0.58 mmol) in toluene (30 ml) 
was added a solution of Bu3SnH (0.17 gm, 0.58 mmol) and AIBN (10 mg, 0.05 mmol) in toluene 
(5 mL) over 1 h using a syringe pump. After the addition, mixture was additionally refluxed for 1 
more hour. The mixture was cooled to room temperature and concentrated. The resulting crude 
residue was purified by flash chromatography on SiO2 (hexane/EtOAc, 95:5) to afford 40 mg 
(32%) of the radical cycloadduct 72. 
1
H NMR (400 MHz, CDCl3) δ = 5.32 (d, J = 12.7 Hz, 1H), 5.2 (d, J = 12.7 Hz, 1H), 2.65 (bs, 
1H), 2.53-2.41 (m, 2H), 2.33-2.09 (m, 3H), 1.96 (t, J =8.8 Hz, 1H), 1.86-1.71 (m, 3H), 1.51 (d, J 
=12.7 Hz, 1H), 0.1(s, 9H). 
13
C NMR (100 MHz, CDCl3) δ = 132.5, 123.6, 46.5, 41.6, 41.1, 33.9, 
30.8, 29.5, 21.9, -1.9. 
IR [cm
-1
]: 2952, 2926, 1247, 972, 834. 
HRMS (APCI) (m/z): [M+H]
+
 calcd. for C14H23Si: 219.1569, found: 219.1562. 
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Methyl 6-((trimethylsilyl)oxy)hex-3-ynoate (67) 
 
 
 
Methyl diazoacetate (7.05 gm, 70 mmol) was added to a solution of alkyne 73 (10 gm, 70 
mmol) and CuI (1.13 gm, 7 mmol) in dry acetonitrile (45 ml). The resulting mixture was stirred 
for 16 hr at room temperature. The residue was filtered through a short plug of silica gel and 
filtrate was concentrated and purified by flash chromatography on SiO2 (hexane/EtOAc, 10:1) to 
afford 12.3 gm (82%) of the alkynoate 67. 
1
H NMR (400 MHz, CDCl3) δ = 3.73 (s, 3H), 3.71-3.67 (t, J = 7.3 Hz, 2H), 3.27 (m, 2H), 2.46-
2.41 (t, J = 7.3 Hz, 2H), 0.12 (s, 9H). 
13
C NMR (100 MHz, CDCl3) δ =   80.6, 72.6, 61.2, 52.5, 
25.8, 23.0, -0.5. 
IR [cm
-1
]: 2955, 1747, 1251, 1095. 
HRMS (APCI) (m/z): [M+H]
+
 calcd. for C10H19O3Si: 215.1103, found 215.1095. 
Methyl 2-((1R)-8-(2-((trimethylsilyl)oxy)ethyl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)acetate 
(74) 
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In a photochemical reactor outfitted with a water –cooled Pyrex immersion well, a 
solution of complex 44 (500 mg, 1.76 mmols) in hexane (0.4 L) was irradiated for 4 h with a 
Canrad-Hanovia 450 W medium-pressure mercury vapor lamp under argon bubbling and 
stirring. The alkynoate 67 (0.9 gm, 3.53 mmol) in hexane (20 mL) was introduced to the reaction 
mixture and solution was irradiated for 2 h with continuous argon bubbling. The resulting orange 
solution was filtered through a pad of celite and the cake was washed with hexanes. The filtrate 
was then concentrated in vacuo and purified by flash chromatography on SiO2 (hexane/EtOAc, 
98:2) to afford 476 g (71%) of the colorless product 74. 
1
H NMR (400 MHz, CDCl3) δ = 6.19-6.09 (m, 2H), 6.79-6.73 (m, 2H), 3.66 (s, 3H), 3.61-3.56 
(t, J = 7.8 Hz, 2H), 3.2 (m, 1H), 3.14-3.07 (m, 3H), 2.41 (m, 1H), 2.34-2.18 (m, 2H), 1.53 (d, J = 
10.7 Hz, 1H), 0.11 (s, 9H). 
13
C NMR (100 MHz, CDCl3) δ = 172.0, 139.4, 139.3, 134.8, 128.0, 
124.5, 124.4, 61.6, 51.7, 46.7, 46.3, 31.7, 30.3, -0.5. 
IR [cm
-1
]: 2948, 1743, 1247, 1091. 
HRMS (ESI) (m/z): [M+H]
+
 calcd. for C10H19O3Si: 307.1729, found 307.1732 
Methyl 2-((1R)-8-(2-hydroxyethyl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)acetate (75) 
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To a solution of cycloadduct 74 (400 mg, 1.69 mmol) in THF (5 mL) under Argon 
atmosphere at 0
 o
C, was added drop wise TBAF (1M in THF, 5 mL, 5.07 mmol). The mixture 
was warmed to room temperature and stirred for 2 h. Water (10 mL) was added and the mixture 
was extracted with EtOAc (3x25 mL). The organic extracts were combined, washed with brine, 
dried over MgSO4 and then was filtered and concentrated. The crude residue was purified by 
flash chromatography on SiO2 (hexane/EtOAc, 90:10) to afford 290 mg (95%) of the colorless 
alcohol 75. 
1
H NMR (400 MHz, CDCl3) δ = 6.23-6.14 (m, 2H), 5.84-5.76 (m, 2H), 3.7-3.63 (m, 5H), 3.22-
3.09 (m, 3H), 2.46 (td, J = 6.1 Hz, 14 Hz, 1H), 2.31-2.23 (m, 2H), 2.07 (t, J = 6.1 Hz, 1H), 1.57 
(d, J = 11.5 Hz, 1H), 
13
C NMR (100 MHz, CDCl3) δ = 172.6, 139.5, 139.4, 135.2, 130.1, 124.5, 
61.3, 52.1, 46.6, 46.4, 31.6, 30.2. 
IR [cm
-1
]: 2955, 1747, 1251, 1095. 
HRMS (APCI) (m/z): [M+H]
+ 
calcd. for C14H18O3  235.2939:, found 235.2933. 
Methyl 2-((1R)-8-(2-iodoethyl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)acetate (76a) 
 
 
 
 
 
To a solution of alcohol 75 (200mg, 0.85 mmol) in DCM (4 mL), triphenylphosphine 
(0.17 g, 1.1 mmol) and imidazole (75 mg, 1.1 mmol) was added at room temperature. The 
mixture was cooled to 0 
o
C, and solid iodine was introduced (0.24 gm, 1.1 mmol) in small 
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portions to the mixture. The resulting mixture was warmed to room temperature and stirred for 1 
h. Then saturated aq. sodium bisulfite was added until the solution turn light yellow. The mixture 
was extracted with DCM (2x15 mL). The organic extracts were combined, dried over MgSO4, 
filtered and concentrated. The extremely sensitive crude product 76a was immediately used for 
the next step without further purification. 
Methyl 2-((1R)-8-(2-((1H-imidazole-1-carbonothioyl)oxy)ethyl)bicyclo[4.2.1]nona-2,4,7-
trien-7-yl)acetate (76b) 
 
 
 
 
A dichloroethane solution of the alcohol 75 (200mg, 0.85 mmol), 1,1'-
(thiocarbonyl)diimidazole (167 mg, 0.94 mmol) and catalytic DMAP (10 mg, 0.08 mmol) was 
refluxed for 12 hr.  The reaction mixture was cooled to room temperature and the solvent was 
evaporated. The crude residue was purified by flash chromatography on SiO2 (hexane/EtOAc, 
85:15) to afford 226 mg (77%) of the xanthate 76b. 
1
H NMR (400 MHz, CDCl3) δ = 8.3 (s, 1H), 7.61 (s, 1H), 7.04 (s, 1H), 6.2-6.13 (m, 2H), 5.8-
5.74 (m, 2H), 4.75 (m, 1H), 4.66 (m, 1H), 3.66 (s, 3H), 3.26-3.07 (m, 4H), 2.77 (td, J = 6.7, 14.6 
Hz, 1H), 2.61 (td, J = 6.7, 14.6 Hz, 1H), 2.25 (m, 1H), 1.58 (d, J = 10.9 Hz, 1H).
 13
C NMR (100 
MHz, CDCl3) δ = 184.1, 171.5, 139.2, 138.7, 136.7, 132.4, 130.7, 130.3, 124.9, 124.8, 117.9, 
71.9, 51.9, 46.5, 46.2, 31.7, 30.1, 25.6. 
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IR [cm
-1
]: 3018, 2926, 1735, 1384, 1284, 1229, 987, 727. 
HRMS (ESI) (m/z): [M+H]+ calcd. for C18H21N2O3S: calcd. 345.1273, found: 345.1274. 
Methyl 2-((3aS,8aR)-3,3a,6,7,8,8a-hexahydro-2H-1,7-(metheno)azulen-9-yl)acetate (64) 
 
 
 
 
To a refluxing solution of the xanthate compound 76b (150 mg, 0.43 mmol) in toluene 
(30 ml) was added a solution of Bu3SnH (0.13 gm, 0.45 mmol) and AIBN (70 mg, 0.43 mmol) in 
toluene (5 mL) in one portion. After the addition, mixture was additionally refluxed for 1 more 
hour. The mixture was cooled to room temperature and concentrated. The resulting crude residue 
was purified by flash chromatography on SiO2 (hexane/EtOAc, 95:5) to afford 58 mg (61%) of 
the radical cycloadduct 64. 
1
H NMR (400 MHz, CDCl3) δ = 5.13-5.06 (m, 1H), 5.02-4.96 (m, 1H), 3.68 (m, 3H), 3.08-3.01 
(m, 2H), 2.92 (d, J = 15.6 Hz, 1H), 2.88 (bt, J = 7.7 Hz, 1H), 2.61-2.54 (m, 1H), 2.38 (bd, J = 
18.7 Hz, 1H), 2.27-2.05 (m, 5H), 1.70 (d, J = 12.6 Hz, 1H), 1.68-1.63 (m, 1H).
13
C NMR (100 
MHz, CDCl3) δ = 172.4, 146.7, 132.1, 127.8, 122.3, 52.7, 51.8, 47.8, 42.2, 38.3, 33.4, 32.8, 29.4, 
21.4. 
IR [cm
-1
]: 2932, 1741, 1433, 1269, 1161. 
HRMS (ESI) (m/z): [M+H]
+
 calcd. for C14H19O2: 219.1385, found: 219.1376. 
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CHAPTER 4 
NUCLEOPHILIC CARBENES AND THEIR APPLICATIONS IN SYNTHETIC 
ORGANIC CHEMISTRY 
A. Introduction 
Carbenes are species of great interest in synthetic organic chemistry.
106-108
 Hine and 
coworkers pioneered work on the carbene haloform hydrolysis
109
 while Doering and Hoffman 
reported reaction of dihalocarbenes with alkenes to generate dicyclopropane derivatives.
110
 
These were the earliest examples of the synthetic utility of these extremely reactive 
intermediates. Fischer
111
 and Closs
112
 have separately reported the synthesis of stable metal-
carbene complexes. Since then, several aspects of carbenes have been extensively studied. In 
recent times, carbenes have been used as ligands, catalysts and reagents. This rapid growth has 
made carbenes a very valuable synthetic tool in organic chemistry.
113
 
B. Structure and Reactivity of Carbenes 
Carbenes are divalent neutral species containing only six electrons in their valence shell. 
Carbenes are generally considered to be sp
2
 hybridized. The carbene carbon is covalently bonded 
with adjacent groups by sharing its four electrons while the remaining two electrons stay in two 
degenerate nonbonding orbitals, an inplane  and a perpendicular pπ orbital (Figure 1). Four 
different electronic structures can be proposed for a typical bent carbene. In a singlet carbene, 
non bonding electrons are paired with anti-parallel spin and can occupy two different orbitals 
(and pπ
2
) with the  configuration being more stable. In a triplet carbene, both  and pπ 
orbital share an electron each leading to two possible pπ
1
 configurations of equal stability.
114
 
93 
 
 
Figure 1. Electronic Configurations of Carbenes 
 
 
 
 
 
Ground state configuration of a carbene is mainly dependent on the energy difference 
between  and p orbital. In the case of a singlet carbene, this energy gap is large, so more energy 
is required to promote one electron to the p orbital (Figure 2). This singlet-triplet gap is mainly 
dependent on the nature of the substituents.  
Figure 2.  Energy Difference between Singlet and Triplet Carbenes 
 
 
 
 
Singlet-triplet energy gap for methylene carbene is very small so it can exist in either of 
the two states.
115
 Heteroatoms present in adjacent centers can stabilize the singlet state 
significantly (Figure 3).
114
 For example, substitution of hydrogen by one halogen atom increases 
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the stability of the singlet state. Strongly electron donating atoms like oxygen, nitrogen, sulfur 
can also increase the stability of the singlet state drastically.
116
  
Figure 3. Singlet/Triplet Energy Difference. 
 
        
 
As carbenes have only six electrons in their valence shell, it is expected that to achieve 
the required octet for stability, they should behave as electrophiles. But when π-donor 
substituents are linked to the carbene carbon center, they can be nucleophilic as well. Facile 
donation of non-bonding electrons from these adjacent atoms to the vacant p-orbital of the 
carbene carbon increases the p orbital energy (mesomeric effect). Also, the corresponding 
inductive effect of the electronegative substituents is known to lower the energy of orbital 
(Figure 4). Due to these two combined effects, the singlet-triplet gap increases considerably and 
such carbenes exist primarily as singlet carbenes. 
Figure 4. Nucleophilic Carbene 
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A unique carbene philicity scale has been proposed by Moss and coworkers (Figure 5).
117
 
They classified the philicity of carbenes in three different categories: electrophilic, ambiphilic 
and nucleophilic. The relative reactivities of different carbenes for the cyclopropanation reaction 
were extensively examined. Carbon philicity was determined by an empirical selectivity index 
(mcxy). Dichlorocarbene was assumed as the standard electrophilic carbene and it’s mcxy value 
was set as 1. Carbenes with mcxy values less than 1 were considered electrophilic, those with mcxy 
values more than 2 were considered nucleophilic while those with a mcxy value between 1 and 2 
were considered ambiphilic. It was found that the nucleophilic carbenes react very well with the 
electron deficient alkenes but not with electron rich ones. It should be noted that these values are 
applicable only for singlet carbenes.
118,119
 
mcxy = -1.10∑R
+
 + 0.53 ∑R
+ 
, Taft substituent parameters) 
Figure 5. Moss’s Carbene Philicity Scale 
 
  mcxy 
 
 
Reactivity of carbenes can also be explained by frontier molecular orbital theory (FMO) 
(Figure 6). The HOMO of alkene will react with the LUMO of electrophilic carbene given the 
small energy gap between the two orbitals. The HOMO of nucleophilic carbene will react with 
the LUMO of alkene, since the LUMO (p orbital) energy of nucleophilic carbene is higher due to 
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non-bonding electron donation from adjacent heteroatoms. For the ambiphilic case, energy gap 
of alkene and carbene are comparable and reaction can proceed in either direction.
117
 
Figure 6. FMO (Frontier Molecular Orbital) Interactions of Carbenes 
 
 
 
 
 
 
 
 
C. Synthesis of Nucleophilic Carbenes 
C. 1. Dialkoxycarbenes 
Most of the methods developed for the synthesis of dialkoxycarbenes involve in situ 
generation of the carbene intermediates with elimination of the stable byproducts such as 
nitrogen gas or aromatic compounds. The earliest examples of synthesis of a nucleophilic 
carbene synthon were reported by Lemal and Hoffman.
120,121
 Dimethoxycarbene was prepared by 
thermal decomposition of a norbornadiene ketal along with generation of a stable aromatic side 
product (Scheme 1). A major limitation of the method was that only generation of symmetric 
carbenes was possible.  
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Scheme 1. Norbornadiene Ketals as Dialkoxycarbene Presursor 
 
A novel method was later developed by Hoffman and coworkers. Epoxidation of 
tetramethoxyoxirane, followed by electrocyclic ring opening to eliminate the stable dimethyl 
carbonate, gave dimethoxycarbene (Scheme 2). Although not widely used, this method provides 
an advantage due to better purification of carbene.
122 
Scheme 2. Tetramethoxyoxirane as Dimethoxycarbene Precursor 
 
Diazirines were also used as a carbene precursor under thermal or photo chemical 
conditions (Scheme 3). Generation of very stable nitrogen gas drives the reaction forward. But 
the high sensitivity of the diazirines to heat shock limits the application of this method.
123
 
Scheme 3. Azirdines as Carbene Precursor 
 
A significant success was achieved by Warkentin and coworkers as they developed stable 
oxadiazolines precursors for generation of dialkoxyalkenes (Scheme 4).
124
 Under thermolysis (~ 
100 
o
C), these precursors generate stable volatile side products like N2 and acetone and the 
required nucleophilic carbene. The major advantage of the method was large scale synthesis of 
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highly stable carbene precursors through simple reactions from easily available starting 
materials.  
Scheme 4. Oxadiazolines as Dialkoxycarbene Precursor 
 
Warkentin et al. also reported another milder method for dimethoxycarbenes synthesis, 
where an aryl substituted oxadiazoline was used as a carbene precursor (Scheme 5). This 
precursor allowed synthesis of dimethoxycarbenes under significantly lower temperature (50 
o
C).
125
 
Scheme 5. Aryl Oxadiazoline as Dimethoxycarbene Precursor 
 
 
 
 
C. 2. Bisthiocarbenes 
The earliest known method for the synthesis of bisthiocarbenes was developed by 
Schollkopf et al.
126
 Exclusion of stable N2 from diazo compound gave dithiocarbene. Lemal and 
coworkers also reported a related method of dithiocarbene generation by thermolysis of p-
toluenesulphonylhydrazone salts (Scheme 6). 
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Scheme 6. Diazo Compounds as Thiocarbene Precursors 
 
Later, orthothioformates emerged as an alternative source of dithiocarbenes. Two 
different methods can be found in literature through deprotonation of orthothioformates (Scheme 
7).
127,128
 
Scheme 7. Orthothioformates as Thiocarbene Precursors 
 
 
 
 
A very easy method of dithiocarbene generation was reported by Coffen and coworkers 
starting from dithiolium bisulfate using Et3N as a base (Scheme 8).
129
 
Scheme 8. Dithiolium Bisulfate as Thiocarbene Precursors 
 
Nakayam et al. also reported a facile synthesis of benzothiocarbene by reaction of 
benzyne and CS2 (Scheme 9).
130
 
Scheme 9. Benzothiocarbene Synthesis 
 
100 
 
 
Our group developed a scalable and simple synthesis of dithiocarbene precursors, 
complementary to Warkentin’s method for synthesis of bisalkoxycarbenes (Scheme 10). Various 
cyclic and acyclic dithiocarbenes were synthesized using this novel method.
131
 
Scheme 10. Dithiooxadiazolines as Thiocarbene Precursors 
 
 
 
 
 
D. Reactions of Dialkoxycarbenes and Dithiocarbenes 
Nucleophilic carbenes react mostly with electron deficient reactants like alkenes, alkynes, 
dienes and carbonyls. They are also known to perform X-H (X = O, N) insertion reactions. 
D.1.Reactions with Alkenes 
Nucleophilic carbene does not react with the electron rich alkenes for the reasons as 
discussed before. Instead the in situ generated carbene undergoes a dimerization reaction 
(Scheme 11). They undergo cyclopropanation reaction with electron deficient alkenes with an 
electron withdrawing group.
132
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Scheme 11. Reactions of Dimethoxycarbenes with Alkenes 
 
 
 
D.2 Reactions with Dienes 
Nucleophilic carbenes react smoothly with several electron deficient dienes (Scheme 12). 
Hoffman and coworkers reported [4+1] cyclization reactions of dimethoxycarbene with cyclic 
dienes like tropone and cyclopentadienenone.
133
 Dialkoxy carbenes are also known to react with 
acylic dienes in both intra and intermolecular fashion.
134
 
Scheme 12. Reactions of Dimethoxycarbenes with Dienes 
 
 
 
 
 
D.3 Reactions with Alkynes 
Electron deficient alkynes readily react with nucleophilic carbenes and often generate 
highly substituted furan moieties (Scheme 13).
135
 The reaction proceeds via a zwitterionic 
intermediate, which can be trapped with suitable reacting partners.
136-137
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Scheme 13.  Reactions of Dimethoxycarbenes with Alkynes 
 
 
 
 
 
 
 
D.4 Reactions with Carbonyl compounds 
Being electrophilic in nature, carbonyl compounds react spontaneously with nucleophilc 
carbenes. A range of different carbonyl substrates is known to react readily with 
dimethoxycarbene.  Hoffman et al. demonstrated that benzoyl chloride undergoes facile reaction 
with dimethoxycarbene to generate the ketoester derivative (Scheme 14).
27
 Same carbene reacts 
with strained cyclic carbonyl compounds as reported by Warkentin and coworkers.
138-140
 
 
 
 
 
103 
 
 
Scheme 14. Reactions of Dimethoxycarbenes with Carbonyl Compounds  
 
 
 
 
 
 
 
D.5 Reactions with Ketenes 
In 1974, Hoffman reported that dimethoxycarbene undergoes [3+2] cyclization with two 
molecules of diphenylcarbene to form cyclic compounds (Scheme 15).
132
 Warkentin and 
coworkers also reported the reaction of dimethoxycarbene with bisketenes to synthesize 
cyclopentadione derivatives.
141
 
Scheme 15. Reactions of Dimethoxycarbenes with Ketenes 
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Our group studied the reaction of different nucleophilic carbenes with vinyl ketene 
derivatives, which form substituted cyclopentenones as final products (Scheme 16).
142
 
Scheme 16. Reactions of Nucleophilic Carbenes with Vinyl Ketenes 
 
 
D.6 Reactions with Isocyanates 
Hoffman reported the very first example of interaction of dimethoxycarbene and aryl 
isocyanates to form hydantoin type derivatives (Scheme 17).
143
 Carbene generally attacks the 
electrophilic carbonyl carbon center of isocyanates to form a dipolar intermediate. The 
intermediate reacts with one more molecule of aryl isocyanates to generate hydantoins. Later, 
our group found that same intermediate can undergo electrophilic aromatic substitution in case of 
bisthiocarbenes.
131, 144
 
Scheme 17. Reactions of Nucleophilic Carbenes with Aryl Isocyanates 
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Our group extensively studied the reactions of vinyl isocyanates
145
 and nucleophilic 
carbenes over the last two decades. This reaction is of great synthetic importance because it leads 
to the substituted pyrrolidone rings which are present in several biologically active natural 
products.
146
 Both dialkoxy- and dialkylthio-carbenes proved equally potent to promote the 
unique [4+1] cyclization reaction with good to excellent yields of the hydroindolone derivatives 
(Scheme 18). When the desired isocyanates are not commercially available, they can be prepared 
from alkyl acid derivatives through the Curtius rearrangement.
147
 
Scheme 18. Reactions of Nucleophilic Carbenes with Vinyl Isocyanate 
 
 
 
The reaction is believed to go through a stepwise mechanism (Scheme 19). Nucleophilic 
carbene first attacks on the electrophilic carbonyl carbon and generates a dipolar intermediate. 
This intermediate then undergoes an intermolecular cyclization to form the corresponding cyclic 
imine intermediate. If an adjacent -hydrogen available, the imine intermediate tautomerizes to 
the enamide species which then undergoes a N-H insertion reaction with the excess carbene 
present in the reaction medium to form a substitute hydroindolone product.  
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Scheme 19. Proposed Mechanism of the [4+1] Cyclization Reaction 
 
 
 
 
An asymmetric version of this reaction was later developed using chiral aminoxy carbene 
(Scheme 20).
146d
 
Scheme 20. Asymmetry Induction in the [4+1] Cyclization 
 
 
 
The significant advantages of this reaction are its ability to form sterically hindered 
quaternary carbon centers and formation of multiple bonds in a single operation. Realizing the 
potential of this reaction, our group has studied several aspects of this fascinating chemistry over 
the past two decades and successfully used it for the total synthesis of biologically active natural 
products like tazettine
146b
 and mesembrine
148
 (Figure 7). 
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Figure 7. Application of the [4+1] Cyclization 
 
 
 
 
Recently, this methodology was successfully extended to indole isocyanates to form the 
pyrroloindoline core structures (Scheme 22).
149
 This extension was synthetically significant 
because of the pyrroloindoline core present in numerous biologically active natural products and 
utility of the method was demonstrated in the total synthesis of phenserine.
150
 
Scheme 21. Synthesis of the Pyrroloindoline Core Structures using [4+1] Cyclization 
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CHAPTER 5 
STUDIES TOWARDS THE TOTAL SYNTHESIS OF ()-DEBROMOFLUSTRAMINE B 
A. Introduction: 
  Hexahydropyrrole[2.3-b]indole (HPI) or pyrroloindoline core containing natural products 
are abundant in nature.
151
 Their structures vary from simple alkaloids to complex cyclic peptides. 
Biosynthetically, it is hypothesized that these compounds can be obtained from tryptophan (Trp) 
or peptides containing Trp. Several of these natural products contain one or more than one HPI 
units (Figure 1). The major synthetic challenges towards the total synthesis of these natural 
products are a C-3 substituted quaternary stereocenter and construction of the pyrroloindoline 
core structure. In particular, sterically congested C-3a substituted pyrroloindolines, which are 
quite common structural motifs, present a formidable synthetic challenge. The broad range of 
structural variation with important biological activities of these natural products have attracted 
considerable synthetic attention.
151 
Figure 1. Natural Products Containing Pyrroloindoline Core Structures
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Figure 2. Structures of Debromoflustramine B (1) and Debromoflustramide B (2). 
 
 
 
 
 
Debromoflustramine B (1) was isolated from the marine bryozoan Flustra foliacea.
152 
 
Since the natural product is one of the prominent members of the HPI family, it has been 
synthetically explored extensively. It contains characteristic bulky prenyl groups at C-3a and N-8 
positions (Figure 2).
152
 A recent study demonstrated that debromoflustramine B (1) and its 
analogues are selective butyrylcholinesterase (BChE) inhibitors, which are effective for the 
treatment of Alzheimer’s disease.153 IC50 values for the (-)-1 and ()-1 are 1.37 μM and 2.59 μM 
respectively, whereas (+)-1 is 7500 times less potent compared to the corresponding (-)-1 isomer. 
After extensive biological study and molecular modeling, it was determined that a combined 
effect of π-hydrogen bond, classical hydrogen bond, and cation-π interactions are responsible for 
its significant biological activity. The presence of prenyl groups is crucial as they play an 
important role in binding the molecule to the enzyme.
153
 
Alzheimer’s disease is a major age related neurodegenerative disease, generally 
associated with the loss of cognitive abilities.
154
 The disease often causes memory loss, stress, 
irritation, problems with thinking and changes in behavior and often manifests itself in the older 
population. More than 25 million people are affected by this disease worldwide. In spite of it 
being a very well studied disease, so far there is no effective medication for it. One of the major 
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approaches developed over the years is the development of cholinesterase inhibitors. It is known 
that cholinesterase enzymes hydrolyze neurotransmitter acetylcholine (ACh) which is directly 
responsible for the loss of cognitive ability.
155
 Although acetyl cholinesterase (AChE) is mainly 
responsible for such activity, recent studies of Alzheimer’s disease patients indicate that 
butyrylcholinesterase (BChE) accumulates in case of severe dementia and plays a significant role 
in the growth of the disease.
156
 Therefore the development of potent and selective BChE 
inhibitors is of great interest as it will provide a better solution in finding potent therapeutic 
targets. Since debromoflustramine B and its analogues play a significant role in inhibiting BChE, 
they are potent therapeutic agents for the Alzheimer’s disease.153 
As mentioned before, the major synthetic challenges for the total synthesis of these 
natural products are a C-3a substituted quaternary stereocenter and the construction of the 
challenging pyrroloindoline core structure. Most of the total syntheses reported in the literature 
applied several methodologies to encounter these issues. The synthetically challenging structures 
along with interesting biological activity have prompted chemists to tackle the total synthesis of 
1 and to date a number of elegant approaches have been reported in the literature.
157-168
 Some of 
the notable approaches will be discussed in the following section. 
 
 
 
 
 
111 
 
 
B. Previous Approaches to the Total Synthesis of Debromoflustramine B 
Crich et al. reported one of the earliest total synthesis of debromoflustramine B (1).
157
 
They started their synthesis with a H3PO4 mediated cyclization of N-(methoxycarbony1)-L-
tryptophan methyl ester 3 to arrive at the protected pyrroloindoline core structure 4 (Scheme 1). 
The main synthetic route composed of a novel regioselective C-3a radical bromination of 4 and 
subsequent allylation with the resulting bromide 5 using allyltributyltin. Then using standard 
functional group manipulations, they accomplished the total synthesis of (+)-debromoflustramine 
B (1). 
Scheme 1. Crich’s Approach157 
 
 
 
 
 
 
 
 
 
Pedro and Rios have spent considerable time and effort behind this class of compounds. 
Their initial synthetic approach involved the addition of a suitable Grignard reagent to the 2-
hydroxyindolenines 7, to form C-3a substituted 2-oxofuro[2,3-b]indoles 8, followed by addition 
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of methylamine to generate a lactam intermediate (Scheme 2).
158
 The lactam derivative was 
reduced with LiAlH4 to furnish the natural product 1. 
Scheme 2. Pedro and Rios’s First Approach158 
 
  
 
 
 
 
 
 
 
The same group later developed a double alkylation of oxoindole 10 using a basic phase 
transfer condition (Scheme 3).
159
 The resulting indole species was then transformed into the 
lactone derivative 11 which was treated with a chiral amine to form a diasteromeric mixture of 
lactam 12. Diastereomers were separated and treated with methylamine and LiAlH4 respectively 
to complete the total synthesis of (-)-debromoflustramine B (1). 
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Scheme 3. Pedro and Rios’s Second Approach159 
 
 
  
 
 
 
 
 
 
Prabhakar and coworkers achieved an enantioselective synthesis of (-)-
debromoflustramine B (1).
160
 Starting from HPI core 13 obtained from the acidic Witcop 
cyclization of N-acetyl-L-tryptophan methyl ester, they performed sequential allylation of both 
C-3a and N-8 positions to form 14 (Scheme 4). Finally, Barton decarboxylation and removal of 
acetyl protection gave (-)-debromoflustramine B (1). 
Scheme 4. Prabhakar’s Approach160 
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Ganesan et al. achieved a remarkable short synthesis of racemic debromoflustramine B 
using a one pot zinc triflate promoted biomimetic double allylation/cyclization reaction starting 
from easily available tryptamine 15 (Scheme 5).
161
 The synthesis took only three steps, the 
shortest route published in the literature to date.   
Scheme 5. Ganesan’s Approach161 
 
  
 
 
 
Macmillan and coworkers developed a novel organocatalytic enantioselective cyclization 
of tryptamine with -unsaturated aldehyde using a chiral imidazolidinone catalyst to 
synthesize pyrroloindoline structures. They used this method for the synthesis of (-)-
debromoflustramine B (1) using simple functional group transformations after forming suitably 
substituted pyrroloindoline core 18 (Scheme 6).
162
 
Scheme 6. Macmillan’s Approach162 
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An elegant one pot Ullman coupling/Calisen rearrangement method was described by 
Kobayashi and coworkers for the synthesis of racemic debromoflustramine B (1) (Scheme 7).
163
 
The spiro compound 20 resulted from the reaction, underwent a double bond cleavage, followed 
by a series of simple functional group manipulations to complete the synthesis. 
Scheme 7. Kobayashi’s Approach163 
 
 
  
 
 
 
 
Recently, Garg et al. reported an interrupted Fisher indole synthesis method for racemic 
total synthesis of debromoflustramine B (1) (Scheme 8).
164
 
Scheme 8. Garg’s Approach164 
 
 
  
 
 
Trost and coworkers employed an enantioselective allylation of the 3-Alkyloxindoles 
method using a chiral molybdenum catalyst for the synthesis of 1 (Scheme 9).
165
 Starting from 3-
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Alkyloxindoles 26, a series of enantiorich 3-allyloxoindoles (27) were synthesized using this 
method. Allylation followed by metathesis using Grubbs catalyst gave the required bis-prenyl 
intermediate, which was reduced and subsequently methylated to yield (-)-debromoflustramine B 
(1). 
Scheme 9. Trost’s Approach15 
 
 
  
 
 
 
Antilla and coworkers developed a chiral phosphoric acid catalyzed cyclization reaction 
of 10-carbomethoxytryptamine 28 with methyl vinyl ketone to construct the pyrroloindoline 
derivative 29, which was later efficiently transformed into the natural product 1 using simple 
organic reactions (Scheme 10).
166
 
Scheme 10. Antilla’s Approach166 
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The most recent synthesis reported by Shishido and coworkers took advantage of a novel 
intramolecular [2+2] cyclization of carbamoylketene 30 and alkene 31 to construct a tricyclic 
system 34 containing a cyclobutanone ring, which underwent a nitrone Bechman rearrangement 
to construct the corresponding lactam 35 (Scheme 11).
167
 The lactam 35 later went through a 
series of simple transformations to form the natural product 1. 
Scheme 11. Shishido’s Approach167 
 
 
 
 
 
 
 
 
 
C. Results and Discussion 
As discussed in the previous chapter, [4+1] cyclization of vinyl isocyanates
169
 and 
nucleophilic carbenes
170
 are topic of great synthetic interest due to their ability to synthesize 
substituted hydroindolone derivatives.
171
 Utility of this reaction to construct all carbon 
quaternary stereocenter has been previously reported by our group.
171b,172d,174
 
Bis(alkylthio)carbenes proved to be more synthetically useful compared to their bisalkoxy 
counterparts, due to improved manipulation of the resulting cycloadducts.
172
 This synthetic 
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method was successfully extended to indole isocyanates to produce pyrroloindoline core 
structures
173
 and was subsequently applied for synthetic purpose.
174
  
Our proposed retrosynthetic scheme for debromoflustramine B is shown in Scheme 12. 
We envisioned that debromoflustramine B could be synthesized from a dithio-substituted 
intermediate 36, through simple reductive desulphurization. Intermediate 36 can be accessed 
from the imide 37 through reduction, followed by N-methylation. Tricyclic intermediate 37 was 
thought to be formed from the [4+1] cyclization of indole isocyanate 38 and dithiooxadiazoline 
(bis(propylthio)-carbene precursor) 39. 3-substituted isocyanate 38 could be synthesized from 
indole derivative 40. 
Scheme 12. Retrosynthetic Analysis of Debromoflustramine B 
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Our synthesis began with the objective of securing a simple and scalable synthesis of 2-
ester indole derivative 40. Murakami and coworkers have previously demonstrated a Pd(0)-
catalyzed Stille type coupling on 3-bromoester substrate 41 for the synthesis of the same ester 40 
(Scheme 13).
175
 Although the reaction provides a decent yield in small scale (100 mg), but even 
after several attempts this yield could not be reproduced in the gram scale. Several other cross 
coupling reactions were tested, but failed to provide a suitable solution.  
Scheme 13. Stille Coupling Approach for the Synthesis of Ester Indole 40 
 
  
 
 
We next attempted to perform an allylation reaction on the commercially available 2-
methyl ester indole derivative 42. Treatment of 42 with prenyl bromide under a variety of basic 
conditions only led to N-prenylated species 43. N-substituted derivative 43 failed to undergo C-3 
allylation under several different conditions (Scheme 14). We were surprised with this result, 
because a C-3 position in indole is known to be highly nucleophilic due to the conjugative effect 
of nitrogen lone pair and can undergo carbon-carbon bond formation reaction with a number of 
suitable electrophilic substrates. We believe that the presence of an electron withdrawing ester 
group in the adjacent C-2 position of 42, is directly responsible for the reduced nucleophilicity of 
C-3 center. 
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Scheme 14. Base Promoted Allylation Studies for the Synthesis of 40 
 
  
 
 
 
 
 
Next we turned our attention toward synthesizing the suitably substituted indole moiety 
instead of starting with the indole core structure. A novel Japp-Klingeman-Fisher indole 
synthesis was investigated (previously used by our group for the synthesis of a similar methyl 
substituted ester indole derivative during the total synthesis of Phenserine).
176
 Our initial attempt 
starting with ethyl 2-acetyl-6-methylhept-5-enoate and aniline gave a mixture of several different 
side products and hence proved to be unsatisfactory. Finally, using the terminal alkene derivative 
ethyl 2-acetylhex-5-enoate (45)
177
 along with commercially available starting material aniline, 
gave ethyl 3-allyl-1H-indole-2-carboxylate (40) in satisfactory yield (Scheme 15). The major 
advantage of the procedure was that the reaction can be performed on a multigram scale which 
makes it a good starting material for the natural product synthesis.  
Scheme 15. Japp-Klingeman-Fisher Indole Synthesis Reaction for the Synthesis of 40. 
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After establishing a gram scale synthetic procedure for 40, we concentrated on the 
synthesis of the desired acyl azide derivative 49. The ester 40 was treated with prenyl bromide in 
the presence of NaH as the base to install the required N-prenyl substitution present in the natural 
product 1 (Scheme 16). The required second prenyl group was incorporated using a Grubbs 2
nd
 
generation Ru-catalyzed cross metathesis reaction using excess 2-methyl-2-butene under reflux 
condition in excellent yield. The resulting ethyl ester 47 then underwent smooth hydrolysis in the 
presence of LiOH to form carboxylic acid 48. Acid 48 was subsequently converted into acyl 
azide 49 by treatment with diphenylphosphorazidate (DPPA) in the presence of triethylamine 
(Et3N). 
Scheme 16. Synthesis of the Acyl Azide Derivative 
 
  
 
 
 
 
 
 
 
 
With the important acyl azide 49 in our hand, we focused on the synthesis of the tricyclic 
core structure of the natural product 1. The acyl azide 49 was converted into the required 
isocyanate 38 in situ by refluxing in dry benzene through Curtius rearrangement (Scheme 17). 
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To the same reflux reaction mixture, excess dithiooxadiazoline 39 (bis(propylthio)carbene 
precursor) was added portion wise over an hour and the solution was refluxed for additional 30 
minutes to form the expected unstable imide adduct 37. Crude 37 was immediately refluxed with 
LiAlH4 to afford the reduced tricyclic lactam 50. Labile lactam 50 was subsequently treated with 
methyl iodide in the presence of NaH to generate N-methylated derivative 36. Only single 
column purification was required for the entire sequence from the carboxylic acid 48 to 36 with a 
52% overall yield, which is respectable for this type of reaction sequence. The mechanism of 
[4+1] cyclization is believed to be proceed through the same sequence intermediates as we 
discussed in the previous chapter. Resulting cis-fused ring junction required for the natural 
product, was predictable as this is the most stable conformer for bicyclo[3.3.0] ring systems. 
Scheme 17. Synthesis of the Tricyclic Core Structure 36 and Mechanism of the [4+1] 
Cyclization. 
 
 
 
 
 
 
 
 
 
123 
 
 
With the synthesis of the tricyclic core of the target molecule 1, we concentrated on the 
synthetic end game  (Scheme 18). The thiopropyl groups present in the lactam intermediate 36 
served as methylene equivalents and were easily reduced by using Raney-Ni to form racemic 
debromoflustramide B (2). In the final step of the synthesis, lactam carbonyl group of 2 was 
efficiently reduced by refluxing with LiAlH4 to complete the total synthesis of the natural 
product (±)-debromoflustramine B (1).
164-176
 
Scheme 18. Total Synthesis of ()-Debromoflustramine B (1) and ()-Debromoflustramide B 
(2). 
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D.Conclusion: 
In conclusion, we have successfully achieved the total syntheses of (±)-
debromoflustramide B (2) and (±)-debromoflustramine B (1) in 10 linear steps from cheap 
commercially available starting material aniline. The significant advantage our method provides 
over other reported syntheses is that our synthetic path does not involve the use of nitrogen 
protecting groups, which are often difficult to remove and harsh conditions are generally 
required for the deprotection steps. The key steps were a Japp-Klingermann Fisher indole 
synthesis to form indole carboxylate 40 and a novel [4+1] cyclization of an indole isocyanate 38 
and bis(propylthio)carbene to access the tricyclic core 37 containing the critical C-3a all carbon 
quaternary stereocenter.  
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E.Experimental                                                                                                                        
General:                                                                                                                                         
All reactions were carried out under argon atmosphere in a flame-dried round bottom flask with 
magnetic stirring. All reagents and solvents were of commercial grade and were used without 
further purification. Analytical thin-layer chromatography was performed with 0.25 mm coated 
commercial silica gel plates (EMD, Silica Gel 60F254) with visualizing reagents such as p-
anisaldehyde. Flash chromatography was performed with Whatman silica gel (Purasil 60 Å, 230-
400 Mesh). Melting points were obtained on a Thomas-Hoover apparatus in open capillary tubes. 
Proton nuclear magnetic resonance (
1
H NMR) data were acquired on 400 MHz Varian Mercury 
or 500 MHz Varian Unity-500. Chemical shifts are reported in ppm from tetramethylsilane with 
the solvent resonance resulting from incomplete deuteration as the internal reference (CDCl3: δ 
7.26). Multiplicities are described as s (singlet), d (doublet), dd, ddd, etc. (doublet of doublets, 
doublet of doublets of doublets, etc.), t (triplet), q (quartet), quint (quintuplet), m (multiplet), and 
coupling constants (J) are reported in Hz. Carbon-13 nuclear magnetic resonance (
13
C NMR) 
data were acquired on 400 MHz Varian Mercury or 500 MHz Varian Unity-500. Chemical shifts 
are reported in ppm from tetramethylsilane with the solvent as the internal reference (CDCl3: δ 
77.00). Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum RX-1 FT-IR system, 
ν
max 
in cm
-1
. High resolution mass spectra (HRMS) were recorded using ESI-TOF (electrospray 
ionization-time of flight). 
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Bis(alkylthiocarbene) oxadiazoline precursor 39 was prepared as previously described .
1
 
Ethyl 3-allyl-1H-indole-2-carboxylate (40) 
 
 
 
To a mixture of aniline (4 g, 0.043 mol), conc. HCl (11.6M, 10 mL) and water (20 mL), a 
solution of NaNO2 (3 g in 6 mL of water) was added in a dropwise manner at -5 
o
C. After the 
addition, the mixture was stirred at 0 
o
C for 15 min and brought to pH 3-4 by the addition of 
sodium acetate (3.5 g). In a separate flask, a solution of 45
2a
 (7.9 gm, 0.043 mol) in ethanol (30 
mL) at 0 
o
C was treated with an aqueous solution of KOH (1.7gm in 3 mL of water), followed by 
the addition of crushed ice (45 g). Then the diazonium salt prepared above was immediately 
added to this alkaline solution. The mixture was then stirred at 0 
o
C for 3 h. The solution was 
kept for further 12 h at room temperature. The solution was then extracted with EtOAc (5 × 100 
mL). The combined extracts were washed with brine (400 mL) and dried over anhydrous 
MgSO4. The solvent was removed under reduced pressure and the liquid residue was added 
dropwise to a solution of 14.5% ethanolic HCl (100 mL, 14.5 mL of 11.6M HCl in 85.5 mL of 
EtOH). After addition, the mixture was held at 78 
o
C for 4 h. The solvent was removed under 
reduced pressure and the residue was treated with water (150 mL) and CH2Cl2 (100 mL). The 
aqueous layer was extracted with CH2Cl2 (5 × 100 mL) and the combined organic layers were 
washed with brine and dried over anhydrous MgSO4. The crude product was purified by column 
chromatography on silica gel (EtOAc/ Hexane 1:9) yielding 40 as yellow solid (5.3 g, 54%).  
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Melting point = 84-85 
o
C (CHCl3, literature
2b
 M.P. = 85-87 
o
C) 
IR (thin film) - 3342(broad), 3062, 2982, 1682, 1239 cm
-1
. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 8.82 (bs, 1H), 7.71 (d, J = 7.94 Hz, 1H), 7.4 (d, J = 7.94 
Hz, 1H), 7.34 (t, J = 7.94 Hz, 1H), 7.15 (t, J = 7.94, 1H), 6.05 (m, 1H), 5.11 (dd, J = 17.1, 1.83 
Hz, 1H), 5.02 (dd, J = 10.37, 1.83 Hz, 1H), 4.46 - 4.42 (q, J = 7.32 Hz, 2H), 3.93-3.91 (d, J = 
6.71 Hz, 2H), 1.46-1.42 (t, J = 7.32 Hz, 3H).  
13
C NMR (CDCl3, 125 MHz, ppm): δ = 162.4, 
136.8, 135.9, 127.9, 125.6, 123.3, 121.0, 120.1, 116.4, 114.9, 111.7, 60.8, 31.0, 29.2, 14.4. 
HRMS (ESI) m / z calculated for C14H16NO2 (M + H)
+
 230.1181, found 230.1189. 
Ethyl 3-allyl-1-(3-methylbut-2-en-1-yl)-1H-indole-2-carboxylate (46) 
 
 
 
 
To a solution of ethyl 3-allyl-1H-indole-2-carboxylate (40) (2.0 g, 8.7 mmol) in dry DMF 
(20 mL) at 0 °C, NaH (60% dispersion in mineral oil, 0.7 g, 17.4 mmol) was introduced and the 
mixture was stirred for 30 min at 0 °C. Prenyl bromide (1.55 mL, 10.4 mmol) was then added to 
the reaction mixture and the reaction was stirred for 2 h at room temperature, at which time TLC 
revealed consumption of starting material 5. The crude reaction mixture was treated with water 
(100 ml) and the aqueous phase was extracted with diethyl ether (3 × 100 mL). The combined 
organic layers were dried over anhydrous MgSO4
 
and the solvent was removed under reduced 
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pressure. The crude product was purified by column chromatography on silica gel (EtOAc/ 
Hexane 1:15) to yield the substituted product 46 as a yellow oil (2.46 g, 95%).  
IR (thin film) - 2978, 2911, 1698, 1253, 1121, 909 cm
-1
. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 7.69 (d, J = 7.82 Hz, 1H), 7.35-7.33 (d, J = 3.9 Hz, 2H), 
7.14 (m, 1H), 6.03 (m, 1H), 5.23 (dt, J = 5.87, 1.95 Hz, 1H), 5.17-5.14 (d, J = 5.87 Hz, 2H), 5.08 
(td, J = 18.58, 1.95 Hz, 1H), 4.99 (td, J = 8.8, 1.95 Hz, 1H), 4.45 - 4.38 (q, J = 6.85, 2H), 3.89-
3.85 (d, J = 6.85 Hz, 2H), 1.86 (s, 3H), 1.69 (s, 3H), 1.45-1.41 (t, J = 6.85 Hz, 3H). 
13
C NMR 
(CDCl3, 100 MHz, ppm): δ = 162.7, 138.2, 137.3, 133.9, 126.7, 125.1, 122.2, 121.4, 120.8, 
119.9, 114.6, 110.5, 60.5, 43.2, 29.9, 25.6, 18.2, 14.3. 
HRMS (ESI) m / z calculated for C19H24NO2 (M + H)
+
 298.1807, found 230.1809.  
Ethyl 1,3-bis(3-methylbut-2-en-1-yl)-1H-indole-2-carboxylate (47): 
 
 
 
 
 
Compound 46 (1.2 g, 3.36 mmol) was dissolved in DCM (5 mL) and to this mixture 
excess 2-methyl-2-butene (5 mL) and Grubb’s 2nd catalyst (0.17 g, 5 mol %) were added and the 
mixture was refluxed for 3h. The mixture was cooled down and directly used for column 
chromatography. Silica gel chromatography (EtOAc/ Hexane 1:9) afforded 1.22 gm of 47 (93%) 
as pale yellow oil. 
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IR (thin film) - 2974, 2913, 1699, 1251, 1119 cm
-1
. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 7.67 (d, J = 8.8 Hz, 1H), 7.33-7.31 (d, J = 3.9 Hz, 2H), 
7.12 (m, 1H), 5.29 (t, J = 6.8 Hz, 1H), 5.22 (t, J = 5.8 Hz, 1H), 5.14-5.10 (d, J = 5.8 Hz, 2H), 
4.44-4.38 (q, J = 7.8 Hz, 2H) 3.83-3.79 (d, J = 6.8 Hz, 2H), 1.84 (s, 6H), 1.68 (s, 6H), 1.44-1.39 
(t, J = 7.8 Hz, 3H) . 
13
C NMR (CDCl3, 100 MHz, ppm): δ = 162.8, 138.2, 133.7, 130.7, 126.7, 
124.9, 124.3, 123.8, 121.5, 121.0, 119.7, 110.5, 60.5, 43.2, 25.7, 25.5, 24.6, 18.2, 18.0, 14.3. 
HRMS (ESI) m / z calculated for C21H28NO2 (M + H)
+
 326.2120, found 326.2121.  
3-Allyl-1-(3-methylbut-2-en-1-yl)-1H-indole-2-carboxylic acid (48) 
 
 
 
 
Ester (47) (1 g, 3.07 mmol) and LiOH (646 mg, 15 mmol) in EtOH : H2O (4 : 1, 50 mL) 
were refluxed for 10 h, at which time TLC revealed consumption of starting material. The 
reaction mixture was cooled to room temperature, a solution of aqueous 2M HCl was added until 
acidic and the aqueous phase was extracted with dichloromethane (3 × 50 mL). The organic 
layers were combined and dried over anhydrous MgSO4, and the solvent was removed in vacuo 
to obtain the pure indole acid 48
 
as an orange solid (0.77 g, 78%). 
Melting point = 181-182 
o
C. IR (thin film) - 3055, 2608, 1657, 1265, 908 cm
-1
. 
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1
H NMR (CDCl3, 500 MHz, ppm) δ = 7.73 (d, J = 7.9 Hz, 1H), 7.4-7.35 (m, 2H), 7.19 (t, J = 7.9 
Hz, 1H), 5.35 (t, J = 6.7 Hz, 1H), 5.25 (t, J = 5.49 Hz, 1H), 5.21-5.18 (d, J = 5.49 Hz, 2H), 3.94-
3.9 (d, J = 6.7 Hz, 2H), 1.88 (s, 6H), 1.71 (s, 6H). 
13
C NMR (CDCl3, 125 MHz, ppm): δ = 167.9, 
138.9, 134.1, 131.2, 127.5, 126.7, 125.8, 123.4, 122.7, 121.4, 121.3, 119.9, 110.7, 43.4, 25.7, 
25.6, 24.7, 18.2, 18.0. 
HRMS (ESI) m / z calculated for C19H24NO2 (M + H)
+
 298.1807, found 298.1814. 
3-Allyl-1-(3-methylbut-2-en-1-yl)-1H-indole-2-carbonyl azide (49) 
 
 
 
 
To a solution of the acid 48 (0.7 g, 2.3 mmol) in dry benzene (15 mL), was added 
triethylamine (0.5 mL, 3.5 mmol). The solution was stirred at room temperature for 30 min at 
which point diphenylphosphorazidate (DPPA, 0.75 mL, 3.5 mmol) was added dropwise. The 
reaction mixture was allowed to stir for an additional 30 min at room temperature. The solvent 
was then removed in vacuo and passed through a very short plug of silica gel. Crude product 49 
(0.72 g, 95%) was immediately used for the next cyclization reaction. 
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(3a,8a)-3a,8-bis(3-methylbut-2-en-1-yl)-3,3-bis(propylthio)-3,3a,8,8a tetrahydropyrrolo[2,3-
b]indol-2(1H)-one (50) 
 
 
 
 
The acyl azide 49 obtained in the previous step, was dissolved in dry benzene 
(concentration 0.04M) and refluxed for 1 h. To the refluxing mixture was added the oxadiazoline 
39 (4 equiv., 1M solution of hexanes kept at -78ºC) over a period of 1h. After the addition was 
complete, the reaction mixture was refluxed for another 30 min. The solvent was removed in 
vacuo and to a solution of the above crude product 37 in THF (30 mL) LiAlH4
 
(89 mg, 2.3 
mmol) was added. The reaction mixture was refluxed for 30 min, at which time TLC revealed 
consumption of starting material. After the mixture was cooled to 0 °C, the reaction mixture was 
quenched by adding EtOAc dropwise, washed with brine, extracted with EtOAc, and dried over 
anhydrous MgSO4. Labile amide 50 was immediately used for the next step without purification. 
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((3a,8a)-1-methyl-3a,8-bis(3-methylbut-2-en-1-yl)-3,3-bis(propylthio)-3,3a,8,8a-
tetrahydropyrrolo[2,3-b]indol-2(1H)-one (36): 
 
 
 
 
Compound 50 obtained from the previous step was dissolved in dry THF (30 mL) and the 
solution was cooled to 0 °C. Sodium hydride (60% oil dispersion, 66 mg, 2.7 mmol) was added 
and stirred for 40 min at 0 °C. Methyl iodide (0.57 mL, 9.2 mmol) was added dropwise and 
stirred for 2.5 h at room temperature, at which time TLC revealed consumption of starting 
material. The reaction mixture was treated with water (50 mL) and the aqueous phase was 
extracted with ethyl acetate (3 × 50 mL). The combined organic layers were dried over 
anhydrous MgSO4, concentrated in vacuo and the crude residue was chromatographed (EtOAc/ 
Hexane 1:9) to obtain 0.54 g (52% over 4 steps from 48) of 36 as yellow oil. 
IR (thin film) –2962, 2928, 2870, 1697, 1484 cm-1. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 7.22-7.15 (m, 2H), 6.77 (t, J = 7.32 Hz, 1H), 6.5 (d, J = 
7.93 Hz, 1H), 5.13 (t, J = 6.1 Hz, 1H), 4.79 (t, J = 7.32 Hz, 1H), 4.67 (s, 1H), 4.0 (dd, J = 16.48, 
5.49 Hz, 1H), 3.86 (dd, J = 16.48, 7.32 Hz, 1H), 2.99 (s, 3H), 2.91-2.82 (m, 2H), 2.77-2.67 (m, 
3H), 2.51 (m, 1H), 1.73 (s, 6H), 1.71-1.66 (q, J = 7.32 Hz, 2H), 1.61 (s, 3H), 1.54 (s, 3H), 1.5-
1.41 (m, 2H), 1.09-1.04 (t, J = 7.32 Hz, 3H), 0.91-0.86 (t, J = 7.32, 3H).  
13
C NMR (CDCl3, 125 
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MHz, ppm): δ = 170.5, 151.7, 135.7, 134.9, 129.2, 129.1, 128.9, 126.4, 119.9, 119.8, 118.3, 
108.4, 85.3, 68.6, 60.5, 47.0, 35.5, 33.9, 32.8, 29.8, 25.9, 25.8, 22.4, 21.9, 18.2, 18.1, 13.9, 13.8. 
HRMS (ESI) m / z calculated for C27H41N2OS2 (M + H)
+
 473.2660, found 473.266 
Debromoflustramide B (2) 
 
 
 
 
Compound 36 (0.25 mg, 0.53 mmol) was dissolved in EtOH (15 mL) at room 
temperature and Raney nickel (50% slurry in water, Aldrich) was added in portions until the 
starting material was consumed (1 h). The mixture was filtered through Celite 521 and the filter 
cake was washed with EtOH five times. The solvent was removed in vacuo and the residue was 
chromatographed (EtOAc/ Hexane 1:5) to obtain 0.14 g (83%) of 2 as colorless oil.  
IR (thin film) –2962, 2930, 2872, 1697, 1485, 1361 cm-1. 
1
H NMR (CDCl3, 500 MHz, ppm) δ = 7.13 (t, J = 7.93 Hz, 1H), 7.03 (d, J = 7.32 Hz, 1H), 6.76 
(t, J = 7.32 Hz, 1H), 6.53 (d, J = 7.93, 1H), 5.24 (t, J = 5.49 Hz, 1H), 5.0 (m, 1H), 4.72 (s, 1H), 
4.0 (dd, J = 5.1, 16.86 Hz, 1H), 3.91 (dd, J = 15.26, 6.7 Hz, 1H), 2.89 (s, 3H), 2.7-2.67 (bs, 2H), 
2.44-2.32 (m, 2H), 1.75 (s, 6H), 1.71 (s, 3H), 1.58 (s, 3H). 
13
C NMR (CDCl3, 125 MHz, ppm): δ 
= 173.0, 149.3, 135.7, 135.4, 135.3, 128.6, 123.2, 120.9, 119.0, 118.6, 109.0, 87.4, 49.9, 47.1, 
41.9, 41.8, 37.6, 27.8, 26.0, 25.7, 18.1. 
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HRMS (ESI) m / z calculated for C21H29N2O (M + H)
+
 325.2280, found 325.2286. 
Debromoflustraine B (1) 
 
 
 
 
Compound 8 (120 mg, 0.37 mmol) was dissolved in the THF (60 mL) and LiAlH4
 
(70 
mg, 1.85 mmol) was added and refluxed for 30 min. The reaction mixture was cooled to 0 °C 
and quenched by adding EtOAc dropwise. It was washed with brine, extracted with EtOAc and 
dried over anhydrous MgSO4. The solvent was removed in vacuo and the crude product was 
chromatographed (EtOAc/ Hexane 1:4) to obtain 1 as colorless oil, in quantitative yield (0.11 g). 
IR (thin film) –2927, 1602, 1486, 909 cm-1. 
1
H NMR (CDCl3, 400 MHz, ppm) δ = 7.04 (td, J = 7.8, 1.1 Hz, 1H), 6.97 (d, J = 7.8 Hz, 1H), 
6.66 (t, J = 7.8, 1.1 Hz, 1H), 6.42 (d, J = 7.8 Hz, 1H), 5.18 (t, J = 5.87 Hz, 1H), 4.98 (t, J = 5. 87 
Hz, 1H), 4.28 (s, 1H), 3.93 (dd, J = 16.6, 4.9 Hz, 1H), 3.81 (dd, J = 16.6, 6.8 Hz, 1H), 2.69 (m, 
1H),  2.57 (m, 1H), 2.49 (s, 3H), 2.46-2.4 (d, J = 6.85 Hz, 2H), 2.06 (m, 1H), 1.92 (m, 1H), 1.72 
(s, 3H), 1.7 (s, 3H), 1.66 (s, 3H), 1.58 (s, 3H). 
13
C NMR (CDCl3, 100 MHz, ppm): δ = 151.8, 
135.7, 134.1, 133.5, 127.5, 122.8, 121.4, 120.7, 117.5, 107.3, 91.4, 57.1, 52.8, 46.8, 39.0, 38.4, 
37.9, 25.9, 25.7, 18.1, 18.0. 
HRMS (ESI) m / z calculated for C21H31N2 (M + H)
+
 311.2487, found 311.2474.  
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Appendix A 
1
H and 
13
C NMR Spectra of Important Compounds 
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APPENDIX B 
Crystal Structure Report for 48 (Chapter 3) 
A clear light white needle-like specimen of C33H39O3, approximate dimensions 0.050 mm x 
0.140 mm x 0.750 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 
data were measured. 
Table 1: Data collection details for sd_2.  
Axis 
dx/m
m 
2θ/
° 
ω/° φ/° χ/° 
Widt
h/° 
Fram
es 
Tim
e/s 
Wavelengt
h/Å 
Voltage/
kV 
Current/
mA 
Temperatu
re/K 
Phi 
39.44
2 
-
2.0
0 
-
44.
08 
-
100.
14 
48.
98 
0.50 595 
60.0
0 
0.71073 50 30.0 100.10 
Ome
ga 
39.44
2 
-
7.0
0 
-
3.8
2 
-
222.
45 
-
99.
16 
0.50 86 
60.0
0 
0.71073 50 30.0 100.10 
Phi 
39.44
2 
3.0
0 
46.
22 
-
80.6
3 
-
99.
46 
0.50 337 
60.0
0 
0.71073 50 30.0 100.10 
A total of 1018 frames were collected. The total exposure time was 16.97 hours. The frames 
were integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 
integration of the data using a monoclinic unit cell yielded a total of 15984 reflections to a 
maximum θ angle of 21.81° (0.96 Å resolution), of which 2805 were independent (average 
redundancy 5.698, completeness = 89.9%, Rint = 12.36%, Rsig = 19.76%) and 1506 (53.69%) 
were greater than 2σ(F2). The final cell constants of a = 22.432(5) Å, b = 6.6181(12) Å, c = 
19.350(4) Å, β = 115.086(7)°, volume = 2601.7(9) Å3, are based upon the refinement of the 
XYZ-centroids of 1578 reflections above 20 σ(I) with 5.791° < 2θ < 40.88°. Data were corrected 
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for absorption effects using the multi-scan method (SADABS). The ratio of minimum to 
maximum apparent transmission was 0.860. The calculated minimum and maximum 
transmission coefficients (based on crystal size) are 0.9441 and 0.9959.  
The structure was solved and refined using the Bruker SHELXTL Software Package, using the 
space group P 1 21/c 1, with Z = 4 for the formula unit, C33H39O3. The final anisotropic full-
matrix least-squares refinement on F
2
 with 328 variables converged at R1 = 8.05%, for the 
observed data and wR2 = 23.64% for all data. The goodness-of-fit was 1.022. The largest peak in 
the final difference electron density synthesis was 0.647 e
-
/Å
3
 and the largest hole was -0.251 e
-
/Å
3
 with an RMS deviation of 0.057 e
-
/Å
3
. On the basis of the final model, the calculated density 
was 1.235 g/cm
3
 and F(000), 1044 e
-
. 
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Table 2. Sample and crystal data for 48 (Chapter 3) 
Identification code sd_2 
Chemical formula C33H39O3 
Formula weight 483.64 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.050 x 0.140 x 0.750 mm 
Crystal habit clear light white needle 
Crystal system monoclinic 
Space group P 1 21/c 1 
Unit cell dimensions a = 22.432(5) Å α = 90° 
 b = 6.6181(12) Å β = 115.086(7)° 
 c = 19.350(4) Å γ = 90° 
Volume 2601.7(9) Å
3
  
Z 4 
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Density (calculated) 1.235 g/cm
3
 
Absorption coefficient 0.077 mm
-1
 
F(000) 1044 
Table 3. Data collection and structure refinement for sd_2. 
Theta range for data 
collection 
1.00 to 21.81° 
Index ranges -23<=h<=23, -6<=k<=6, -19<=l<=20 
Reflections collected 15984 
Independent reflections 2805 [R(int) = 0.1236] 
Coverage of independent 
reflections 
89.9% 
Absorption correction multi-scan 
Max. and min. transmission 0.9959 and 0.9441 
Structuresolution technique direct methods 
Structure solution program SHELXS-97 (Sheldrick, 2008) 
Refinement method Full-matrix least-squares on F
2
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Refinement program SHELXL-97 (Sheldrick, 2008) 
Function minimized Σ w(Fo
2
 - Fc
2
)
2
 
Data / restraints / 
parameters 
2805 / 0 / 328 
Goodness-of-fit on F
2
 1.022 
Final R indices 
1506 data; 
I>2σ(I) 
R1 = 0.0805, wR2 = 
0.1960 
 all data 
R1 = 0.1583, wR2 = 
0.2364 
Weighting scheme 
w=1/[σ2(Fo
2
)+(0.1000P)
2
+0.0000P] 
where P=(Fo
2
+2Fc
2
)/3 
Largest diff. peak and hole 0.647 and -0.251 eÅ
-3
 
R.M.S. deviation frommean 0.057 eÅ
-3
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Table 4. Atomic coordinates and equivalent isotropic atomic displacement 
parameters (Å
2
) for sd_2.  
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  
 
 x/a y/b z/c U(eq) 
O1 0.28645(17) 0.9224(6) 0.4797(2) 0.0346(11) 
O2 0.23961(19) 0.2366(6) 0.8952(2) 0.0364(11) 
O3 0.21157(17) 0.5885(6) 0.4616(2) 0.0341(11) 
C1 0.4503(3) 0.6804(9) 0.5312(3) 0.0361(16) 
C2 0.5044(3) 0.7311(9) 0.5921(3) 0.0337(16) 
C3 0.5037(3) 0.8284(9) 0.6613(3) 0.0348(16) 
C4 0.5351(3) 0.0402(10) 0.6735(3) 0.0408(17) 
C5 0.4889(3) 0.1825(10) 0.6488(4) 0.0423(17) 
C6 0.3531(3) 0.9084(9) 0.4853(3) 0.0337(15) 
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 x/a y/b z/c U(eq) 
C7 0.3829(3) 0.7109(8) 0.5270(3) 0.0320(15) 
C8 0.3861(3) 0.7167(9) 0.6065(3) 0.0334(15) 
C9 0.4346(3) 0.8791(9) 0.6515(3) 0.0325(15) 
C10 0.4204(3) 0.0911(9) 0.6136(3) 0.0376(16) 
C11 0.3961(3) 0.0871(8) 0.5267(3) 0.0363(16) 
C12 0.2229(4) 0.0063(10) 0.7886(5) 0.065(3) 
C13 0.2956(4) 0.9828(12) 0.8078(4) 0.068(2) 
C14 0.3117(4) 0.1353(12) 0.7618(4) 0.064(2) 
C15 0.2905(3) 0.3588(9) 0.7725(4) 0.053(2) 
C16 0.2831(4) 0.4485(11) 0.6936(4) 0.063(2) 
C17 0.2071(3) 0.2096(10) 0.8134(4) 0.0484(19) 
C18 0.2250(3) 0.3824(11) 0.7737(4) 0.060(2) 
C19 0.2750(3) 0.0962(10) 0.6744(4) 0.0510(19) 
C20 0.2102(4) 0.0208(11) 0.6536(5) 0.063(2) 
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 x/a y/b z/c U(eq) 
C21 0.1845(4) 0.9863(13) 0.7062(4) 0.066(2) 
C22 0.2745(3) 0.3029(10) 0.6430(3) 0.0407(17) 
C23 0.9814(3) 0.6720(9) 0.3532(3) 0.0400(17) 
C24 0.0397(3) 0.6248(9) 0.3355(3) 0.0367(16) 
C25 0.0644(3) 0.4198(9) 0.3738(3) 0.0305(15) 
C26 0.1128(3) 0.4298(8) 0.4586(3) 0.0305(15) 
C27 0.1575(3) 0.6163(8) 0.4825(3) 0.0283(15) 
C28 0.0030(3) 0.7779(9) 0.4286(4) 0.0394(17) 
C29 0.0637(3) 0.8363(8) 0.4699(3) 0.0359(16) 
C30 0.1196(3) 0.8085(8) 0.4467(3) 0.0294(15) 
C31 0.0905(3) 0.7934(9) 0.3601(3) 0.0370(16) 
C32 0.9553(3) 0.4641(10) 0.3570(3) 0.0425(17) 
C33 0.0010(3) 0.3248(10) 0.3659(3) 0.0403(17) 
Table 5. Bond lengths (Å) for sd_2.  
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O1-C6 1.456(6) O1-H01 0.84 
O2-C17 1.445(7) O2-H02 0.84 
O3-C27 1.445(6) O3-H03 0.84 
C1-C2 1.327(8) C1-C7 1.494(8) 
C1-H1 0.95 C2-C3 1.491(9) 
C2-H6 0.95 C3-C9 1.516(8) 
C3-C4 1.542(9) C3-H7 1.0 
C4-C5 1.330(8) C4-H8 0.95 
C5-C10 1.517(9) C5-H2 0.95 
C6-C11 1.521(8) C6-C7 1.533(8) 
C6-H13 1.0 C7-C8 1.510(8) 
C7-H12 1.0 C8-C9 1.515(8) 
C8-H10 0.99 C8-H11 0.99 
C9-C10 1.552(8) C9-H9 1.0 
C10-C11 1.533(8) C10-H5 1.0 
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C11-H4 0.99 C11-H3 0.99 
C12-C21 1.461(11) C12-C13 1.519(11) 
C12-C17 1.519(9) C12-H14 1.0 
C13-C14 1.488(10) C13-H17 0.99 
C13-H18 0.99 C14-C19 1.558(10) 
C14-C15 1.593(10) C14-H22 1.0 
C15-C18 1.489(10) C15-C16 1.580(10) 
C15-H23 1.0 C16-C22 1.328(9) 
C16-H15 0.95 C17-C18 1.523(9) 
C17-H26 1.0 C18-H24 0.99 
C18-H25 0.99 C19-C20 1.423(10) 
C19-C22 1.495(9) C19-H20 1.0 
C20-C21 1.386(11) C20-H16 0.95 
C21-H19 0.95 C22-H21 0.95 
C23-C28 1.501(9) C23-C32 1.508(9) 
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C23-C24 1.519(8) C23-H27 1.0 
C24-C31 1.521(8) C24-C25 1.532(8) 
C24-H36 1.0 C25-C33 1.504(8) 
C25-C26 1.538(8) C25-H37 1.0 
C26-C27 1.533(8) C26-H38 0.99 
C26-H39 0.99 C27-C30 1.523(8) 
C27-H28 1.0 C28-C29 1.310(8) 
C28-H33 0.95 C29-C30 1.512(8) 
C29-H32 0.95 C30-C31 1.523(8) 
C30-H31 1.0 C31-H29 0.99 
C31-H30 0.99 C32-C33 1.333(9) 
C32-H35 0.95 C33-H34 0.95 
 
Table 6. Bond angles (°) for sd_2.  
C6-O1-H01 109.5 C17-O2-H02 109.5 
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C27-O3-H03 109.5 C2-C1-C7 122.5(5) 
C2-C1-H1 118.8 C7-C1-H1 118.8 
C1-C2-C3 123.6(5) C1-C2-H6 118.2 
C3-C2-H6 118.2 C2-C3-C9 112.5(5) 
C2-C3-C4 110.7(5) C9-C3-C4 101.2(5) 
C2-C3-H7 110.7 C9-C3-H7 110.7 
C4-C3-H7 110.7 C5-C4-C3 110.7(5) 
C5-C4-H8 124.7 C3-C4-H8 124.7 
C4-C5-C10 111.4(5) C4-C5-H2 124.3 
C10-C5-H2 124.3 O1-C6-C11 113.1(5) 
O1-C6-C7 107.4(4) C11-C6-C7 110.4(5) 
O1-C6-H13 108.6 C11-C6-H13 108.6 
C7-C6-H13 108.6 C1-C7-C8 109.8(5) 
C1-C7-C6 110.4(5) C8-C7-C6 109.7(5) 
C1-C7-H12 109.0 C8-C7-H12 109.0 
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C6-C7-H12 109.0 C7-C8-C9 108.4(5) 
C7-C8-H10 110.0 C9-C8-H10 110.0 
C7-C8-H11 110.0 C9-C8-H11 110.0 
H10-C8-H11 108.4 C8-C9-C3 111.2(5) 
C8-C9-C10 114.6(5) C3-C9-C10 104.6(4) 
C8-C9-H9 108.8 C3-C9-H9 108.8 
C10-C9-H9 108.8 C5-C10-C11 108.7(5) 
C5-C10-C9 100.5(5) C11-C10-C9 114.2(5) 
C5-C10-H5 111.0 C11-C10-H5 111.0 
C9-C10-H5 111.0 C6-C11-C10 116.2(5) 
C6-C11-H4 108.2 C10-C11-H4 108.2 
C6-C11-H3 108.2 C10-C11-H3 108.2 
H4-C11-H3 107.4 C21-C12-C13 109.4(5) 
C21-C12-C17 108.4(7) C13-C12-C17 112.5(6) 
C21-C12-H14 108.8 C13-C12-H14 108.8 
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C17-C12-H14 108.8 C14-C13-C12 107.0(6) 
C14-C13-H17 110.3 C12-C13-H17 110.3 
C14-C13-H18 110.3 C12-C13-H18 110.3 
H17-C13-H18 108.6 C13-C14-C19 112.7(6) 
C13-C14-C15 113.0(7) C19-C14-C15 104.2(6) 
C13-C14-H22 108.9 C19-C14-H22 108.9 
C15-C14-H22 108.9 C18-C15-C16 105.9(5) 
C18-C15-C14 116.7(6) C16-C15-C14 98.0(5) 
C18-C15-H23 111.7 C16-C15-H23 111.7 
C14-C15-H23 111.7 C22-C16-C15 111.3(6) 
C22-C16-H15 124.4 C15-C16-H15 124.4 
O2-C17-C12 112.2(6) O2-C17-C18 109.9(5) 
C12-C17-C18 111.1(6) O2-C17-H26 107.8 
C12-C17-H26 107.8 C18-C17-H26 107.8 
C15-C18-C17 113.7(6) C15-C18-H24 108.8 
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C17-C18-H24 108.8 C15-C18-H25 108.8 
C17-C18-H25 108.8 H24-C18-H25 107.7 
C20-C19-C22 112.1(6) C20-C19-C14 111.8(6) 
C22-C19-C14 101.4(5) C20-C19-H20 110.4 
C22-C19-H20 110.4 C14-C19-H20 110.4 
C21-C20-C19 122.9(7) C21-C20-H16 118.6 
C19-C20-H16 118.6 C20-C21-C12 123.4(6) 
C20-C21-H19 118.3 C12-C21-H19 118.3 
C16-C22-C19 113.0(5) C16-C22-H21 123.5 
C19-C22-H21 123.5 C28-C23-C32 110.6(5) 
C28-C23-C24 111.1(5) C32-C23-C24 102.2(5) 
C28-C23-H27 110.9 C32-C23-H27 110.9 
C24-C23-H27 110.9 C23-C24-C31 112.5(5) 
C23-C24-C25 104.1(4) C31-C24-C25 115.3(5) 
C23-C24-H36 108.2 C31-C24-H36 108.2 
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C25-C24-H36 108.2 C33-C25-C24 100.8(4) 
C33-C25-C26 109.6(5) C24-C25-C26 115.2(5) 
C33-C25-H37 110.3 C24-C25-H37 110.3 
C26-C25-H37 110.3 C27-C26-C25 115.5(5) 
C27-C26-H38 108.4 C25-C26-H38 108.4 
C27-C26-H39 108.4 C25-C26-H39 108.4 
H38-C26-H39 107.5 O3-C27-C30 110.6(4) 
O3-C27-C26 109.5(4) C30-C27-C26 111.6(5) 
O3-C27-H28 108.4 C30-C27-H28 108.4 
C26-C27-H28 108.4 C29-C28-C23 123.8(6) 
C29-C28-H33 118.1 C23-C28-H33 118.1 
C28-C29-C30 124.1(6) C28-C29-H32 118.0 
C30-C29-H32 118.0 C29-C30-C31 108.3(5) 
C29-C30-C27 109.9(4) C31-C30-C27 109.9(4) 
C29-C30-H31 109.6 C31-C30-H31 109.6 
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C27-C30-H31 109.6 C24-C31-C30 107.8(5) 
C24-C31-H29 110.1 C30-C31-H29 110.1 
C24-C31-H30 110.1 C30-C31-H30 110.1 
H29-C31-H30 108.5 C33-C32-C23 110.2(6) 
C33-C32-H35 124.9 C23-C32-H35 124.9 
C32-C33-C25 111.5(6) C32-C33-H34 124.3 
C25-C33-H34 124.3   
Table 7. Torsion angles (°) for sd_2. 
C7-C1-C2-C3 -1.9(9) C1-C2-C3-C9 -4.9(8) 
C1-C2-C3-C4 -117.3(6) C2-C3-C4-C5 100.6(6) 
C9-C3-C4-C5 -18.9(7) C3-C4-C5-C10 -2.3(8) 
C2-C1-C7-C8 -24.1(8) C2-C1-C7-C6 96.9(6) 
O1-C6-C7-C1 176.9(5) C11-C6-C7-C1 -59.4(6) 
O1-C6-C7-C8 -62.0(6) C11-C6-C7-C8 61.7(6) 
C1-C7-C8-C9 55.4(6) C6-C7-C8-C9 -66.0(6) 
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C7-C8-C9-C3 -64.0(6) C7-C8-C9-C10 54.4(6) 
C2-C3-C9-C8 37.6(6) C4-C3-C9-C8 155.7(5) 
C2-C3-C9-C10 -86.6(6) C4-C3-C9-C10 31.5(5) 
C4-C5-C10-C11 -98.2(6) C4-C5-C10-C9 21.9(7) 
C8-C9-C10-C5 -154.8(5) C3-C9-C10-C5 -32.8(5) 
C8-C9-C10-C11 -38.6(7) C3-C9-C10-C11 83.4(6) 
O1-C6-C11-C10 74.9(6) C7-C6-C11-C10 -45.5(7) 
C5-C10-C11-C6 145.4(5) C9-C10-C11-C6 34.1(7) 
C21-C12-C13-C14 55.7(8) C17-C12-C13-C14 -64.9(8) 
C12-C13-C14-C19 -64.5(8) C12-C13-C14-C15 53.4(8) 
C13-C14-C15-C18 -42.6(9) C19-C14-C15-C18 80.2(7) 
C13-C14-C15-C16 -154.9(6) C19-C14-C15-C16 -32.2(6) 
C18-C15-C16-C22 -99.8(7) C14-C15-C16-C22 21.0(7) 
C21-C12-C17-O2 176.0(5) C13-C12-C17-O2 -62.8(7) 
C21-C12-C17-C18 -60.5(7) C13-C12-C17-C18 60.7(8) 
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C16-C15-C18-C17 144.5(6) C14-C15-C18-C17 36.7(9) 
O2-C17-C18-C15 79.9(7) C12-C17-C18-C15 -44.9(8) 
C13-C14-C19-C20 36.3(9) C15-C14-C19-C20 -86.6(7) 
C13-C14-C19-C22 155.9(7) C15-C14-C19-C22 33.0(6) 
C22-C19-C20-C21 -113.6(8) C14-C19-C20-C21 -0.5(10) 
C19-C20-C21-C12 -5.7(12) C13-C12-C21-C20 -23.0(10) 
C17-C12-C21-C20 100.0(9) C15-C16-C22-C19 -0.6(8) 
C20-C19-C22-C16 98.6(7) C14-C19-C22-C16 -20.8(8) 
C28-C23-C24-C31 -38.4(6) C32-C23-C24-C31 -156.4(5) 
C28-C23-C24-C25 87.1(6) C32-C23-C24-C25 -30.9(6) 
C23-C24-C25-C33 32.3(5) C31-C24-C25-C33 156.0(5) 
C23-C24-C25-C26 -85.5(6) C31-C24-C25-C26 38.2(7) 
C33-C25-C26-C27 -144.6(5) C24-C25-C26-C27 -31.9(7) 
C25-C26-C27-O3 -79.7(6) C25-C26-C27-C30 43.1(6) 
C32-C23-C28-C29 118.2(7) C24-C23-C28-C29 5.4(8) 
170 
 
 
C23-C28-C29-C30 1.1(9) C28-C29-C30-C31 24.6(8) 
C28-C29-C30-C27 -95.5(7) O3-C27-C30-C29 -179.4(4) 
C26-C27-C30-C29 58.5(6) O3-C27-C30-C31 61.5(6) 
C26-C27-C30-C31 -60.6(6) C23-C24-C31-C30 64.9(6) 
C25-C24-C31-C30 -54.2(6) C29-C30-C31-C24 -54.8(6) 
C27-C30-C31-C24 65.3(6) C28-C23-C32-C33 -100.6(6) 
C24-C23-C32-C33 17.8(6) C23-C32-C33-C25 3.3(7) 
C24-C25-C33-C32 -22.6(6) C26-C25-C33-C32 99.2(6) 
Table 8. Anisotropic atomic displacement parameters (Å
2
) for sd_2.  
The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... + 2 h k a
*
 b
*
 U12 
]  
 U11 U22 U33 U23 U13 U12 
O1 0.025(2) 0.025(2) 0.048(3) 0.0077(19) 0.010(2) 0.0048(17) 
O2 0.050(3) 0.026(3) 0.031(2) 0.0004(18) 0.016(2) -0.011(2) 
O3 0.032(2) 0.027(3) 0.041(3) -0.0115(18) 0.014(2) 0.0055(17) 
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 U11 U22 U33 U23 U13 U12 
C1 0.050(5) 0.032(4) 0.031(4) 0.006(3) 0.021(4) 0.013(3) 
C2 0.027(4) 0.039(4) 0.035(4) 0.015(3) 0.013(3) 0.017(3) 
C3 0.035(4) 0.037(4) 0.027(4) 0.008(3) 0.008(3) 0.013(3) 
C4 0.024(4) 0.044(5) 0.043(4) -0.001(3) 0.004(3) 0.002(3) 
C5 0.039(4) 0.024(4) 0.050(4) -0.010(3) 0.006(3) -0.008(3) 
C6 0.033(4) 0.031(4) 0.033(3) 0.000(3) 0.011(3) 0.001(3) 
C7 0.030(4) 0.017(3) 0.037(4) 0.005(3) 0.003(3) 0.003(3) 
C8 0.043(4) 0.023(4) 0.040(4) 0.005(3) 0.023(3) -0.001(3) 
C9 0.035(4) 0.034(4) 0.027(3) 0.005(3) 0.012(3) 0.004(3) 
C10 0.045(4) 0.025(4) 0.046(4) 0.004(3) 0.022(3) 0.010(3) 
C11 0.039(4) 0.018(3) 0.042(4) 0.008(3) 0.007(3) -0.002(3) 
C12 0.119(7) 0.031(4) 0.096(7) -0.023(4) 0.095(6) -0.034(4) 
C13 0.079(6) 0.054(5) 0.041(4) 0.026(4) -0.005(4) -0.018(4) 
C14 0.042(4) 0.090(7) 0.053(5) -0.001(4) 0.013(4) -0.013(4) 
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 U11 U22 U33 U23 U13 U12 
C15 0.042(4) 0.022(4) 0.071(5) -0.010(3) 0.002(4) -0.001(3) 
C16 0.111(7) 0.044(5) 0.058(5) 0.016(4) 0.057(5) 0.009(4) 
C17 0.038(4) 0.057(5) 0.049(5) -0.004(4) 0.018(4) -0.016(3) 
C18 0.058(5) 0.039(5) 0.081(6) 0.015(4) 0.029(4) 0.003(4) 
C19 0.063(5) 0.055(5) 0.043(4) -0.012(4) 0.031(4) -0.001(4) 
C20 0.072(6) 0.053(5) 0.053(5) -0.009(4) 0.017(4) -0.005(4) 
C21 0.038(4) 0.099(7) 0.055(5) -0.012(4) 0.014(4) -0.008(4) 
C22 0.048(4) 0.047(5) 0.029(4) 0.011(4) 0.019(3) 0.006(3) 
C23 0.036(4) 0.034(4) 0.043(4) 0.016(3) 0.011(3) 0.015(3) 
C24 0.045(4) 0.040(4) 0.021(3) 0.000(3) 0.011(3) 0.002(3) 
C25 0.028(4) 0.034(4) 0.027(3) -0.011(3) 0.009(3) 0.000(3) 
C26 0.032(3) 0.022(3) 0.036(4) 0.002(3) 0.013(3) 0.008(3) 
C27 0.039(4) 0.020(4) 0.025(3) 0.002(3) 0.013(3) 0.003(3) 
C28 0.034(4) 0.034(4) 0.056(5) 0.008(3) 0.025(4) 0.018(3) 
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 U11 U22 U33 U23 U13 U12 
C29 0.051(5) 0.023(4) 0.041(4) -0.006(3) 0.026(4) 0.008(3) 
C30 0.032(3) 0.021(3) 0.034(4) -0.004(3) 0.014(3) -0.001(3) 
C31 0.038(4) 0.036(4) 0.035(4) 0.005(3) 0.013(3) 0.003(3) 
C32 0.031(4) 0.052(5) 0.039(4) -0.001(3) 0.009(3) 0.002(4) 
C33 0.043(4) 0.033(4) 0.039(4) -0.011(3) 0.012(3) -0.006(4) 
 
Table 9. Hydrogen atomic coordinates and isotropic atomic displacement parameters (Å
2
) for sd_2.  
 x/a y/b z/c U(eq) 
H01 0.2678 1.0246 0.4538 0.052 
H02 0.2357 0.1307 0.9169 0.055 
H03 0.2002 0.5084 0.4245 0.051 
H1 0.4547 0.6226 0.4887 0.043 
H6 0.5458 0.7039 0.5917 0.04 
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 x/a y/b z/c U(eq) 
H7 0.5268 0.7418 0.7073 0.042 
H8 0.5811 1.0657 0.6957 0.049 
H2 0.4977 1.3235 0.6526 0.051 
H13 0.3508 0.9014 0.4326 0.04 
H12 0.3543 0.5956 0.4984 0.038 
H10 0.4006 0.5839 0.6317 0.04 
H11 0.3421 0.7470 0.6042 0.04 
H9 0.4348 0.8899 0.7031 0.039 
H5 0.3896 1.1691 0.6285 0.045 
H4 0.3710 1.2127 0.5056 0.044 
H3 0.4350 1.0889 0.5149 0.044 
H14 0.2095 -0.1032 0.8148 0.078 
H17 0.3224 0.0063 0.8630 0.082 
H18 0.3047 -0.1551 0.7950 0.082 
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 x/a y/b z/c U(eq) 
H22 0.3602 0.1329 0.7770 0.077 
H23 0.3259 0.4290 0.8166 0.063 
H15 0.2845 0.5885 0.6836 0.076 
H26 0.1585 0.2150 0.7977 0.058 
H24 0.1909 0.3924 0.7205 0.072 
H25 0.2245 0.5105 0.7999 0.072 
H20 0.3007 0.0010 0.6574 0.061 
H16 0.1834 -0.0072 0.6013 0.075 
H19 0.1396 -0.0523 0.6878 0.079 
H21 0.2687 0.3276 0.5922 0.049 
H27 -0.0524 0.7536 0.3114 0.048 
H36 0.0230 0.6066 0.2790 0.044 
H37 0.0840 0.3405 0.3445 0.037 
H38 0.0871 0.4253 0.4895 0.037 
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 x/a y/b z/c U(eq) 
H39 0.1409 0.3077 0.4712 0.037 
H28 0.1758 0.6298 0.5392 0.034 
H33 -0.0290 0.8040 0.4474 0.047 
H32 0.0731 0.9002 0.5174 0.043 
H31 0.1499 0.9273 0.4641 0.035 
H29 0.0696 0.9229 0.3367 0.044 
H30 0.1257 0.7630 0.3434 0.044 
H35 -0.0874 0.4364 0.3536 0.051 
H34 -0.0058 0.1834 0.3671 0.048 
 
 
 
 
 
 
 
177 
 
 
REFERENCES 
(1) “Cycloaddition Reactions in Organic Synthesis” Crruthers, W.; Pergamon Press Oxford: 
1990. 
(2) Diels, O.; Alder, K. Justus Liebigs Ann. Chem. 1928, 460, 98. 
(3) For a review of higher-order cycloadditions, see: Rigby, J. H. in Comprehensive Organic 
Synthesis; Trost, B. M.; Fleming, I.; Eds.; Pergamon Press: Oxford 1991, Vol. 5, pp. 617-643. 
(4) (a) Garst, M. E.; Robert, V. A.; Prussin, C. Tetrahedron 1983, 39, 581. (b) Garst, M. E.; 
Robets, V. A.; Houk, K. N.; Rondan, N. G. J. Am. Chem. Soc. 1984, 106, 3882. 
(5) Houk, K. N.; Woodword, R. B. J. Am. Chem. Soc. 1970, 92, 4143. 
(6) Yasuike, S.; Ohta, H.; Shiratori, S.; Kurita, J.; Tsuchiya, T. J. Chem. Soc., Chem. Commun. 
1993, 1817. 
(7) For an overview of synthetic approaches to tumor-promoting diterpenes, see: Rigby, J. H. in 
Studies in Natural Product Chemistry. Rahman, A. Ed.; Elsevier: Amsterdam, 1993; Vol. 12 
(Part H), pp. 233. 
(8) Rigby, J. H.; Cuisiat, S. V. J. Org. Chem. 1993, 108, 4655. 
(9) Rigby, J. H.; Moore, T. L.; Rege, S. J. Org. Chem. 1986, 51, 2398. 
(10) Ward, J. S.; Pettit, R. J. Am. Chem. Soc. 1971, 93, 262. 
(11) Davis, R. E.; Dodds, T. A.; Hesu, T. H.; Wagon, J. H.; Devon, T.; Tancrede, J.; Mckennis, J. 
S.; R. J. Am. Chem. Soc. 1974, 96, 7562. 
(12) Mach, K.; Antropiuosava, H.; Petrusova, L.; Hanus, V.; Turecek, F.; Sedmera, P. 
Tetrahedron 1984, 40, 3295. 
(13) Mach, K.; Antrupiusova, H.; Semera, P.; Hanus, V.; Turecek, F. J. Chem. Soc., Chem. 
Commun. 1983, 805. 
178 
 
 
(14) (a) Brammer, L.; Dunne, B.; Green, M.; Moran, G.; Orpen, A. G.; Reeve, C.; Schaverien, C. 
J. J. Chem. Soc.; Dalton Trans. 1993, 1747. (b) Bourner, D.; Schaverien, Green, M.; Moran, G.; 
Orpen, A. G.; Reeve, C.; Schaverien, C. J. lbid., 1985, 1409. 
(15) (a) Wender, P. A.; Ihle, N. C.; J. Am. Chem. Soc. 1986, 108, 4678. (b) Wender, P. A. 
Snapper, M. L. Tetrahedron Lett. 1987, 28, 2221. (c) Webder, P. A.; Ihle. N. C. Tetrahedron 
Lett. 1987, 28, 2451, (d) Wender, P. A.; Ihle, N. C.; Correia, C. R. D. J. Am. Chem. Soc. 1998, 
110, 5904. (e) Wender, P. A. Tebbe, M. J. Synthesis 1991, 1089. (f) Wender, P. A.; Zhang, L. 
Org. Lett. 2000, 2, 2323.  
(16) Wender, P. A.; Correra, A. G.; Sato, Y.; Sun, R. J. Am. Chem. Soc. 2000, 122, 7815. 
(17) (a) Achard, M.; Tenaglia, A.; Buono, G. Org. Lett. 2005, 7, 2353. (b) Achard, M.; Mosrin, 
M.; Tenaglia, A.; Buono, G. J. Org. Chem. 2006, 7, 2907.  
(18) Lautens, M.; Klute, W.; Tam, W. Chem. Rev. 1996, 96, 49. 
(19) (a) Ozkar, S.; Kurz, H.; Neugebauer, D.; Kreiter, C. G. J. Organomet. Chem. 1978, 160, 
115. (b) Kreiter, C. G.; Kurz, H.; Chem. Ber. 1983, 116, 1494. (c) Michels, E.; Kreiter, C. G. J. 
Organomet. Chem. 1983, 252, C1. 
(20)  (a) Rigby, J. H.; Ateeq, H. S.; Charles, N. R.; Short. K. M.; Cuisiat, S. V.; Ferguson, M, D.; 
Henshilwood, J. A.; Kruger, A. C.; Ogbu, C. O.; Short, K. M.; Heeg, M. J. J. Am. Chem. Soc. 
1993, 115, 1382. (b) Rigby, J. H. Accts. Chem. Res. 1993, 26, 579. 
(21) Kreiter, C. G.; Ozkar, S. Z. Naturforsch. 1977, 32B, 408. 
(22) Rigby, J. H.; Ateeq, H. S.; Krueger, A. C. Tetrahedron Lett. 1992, 33, 5873.  
(23) Rigby, J. H.; Warshakoon, N. C. J. Org. Chem. 1996, 61, 7644. 
(24) Rigby, J. H.; Warshakoon, N. C.; Payen, A. J. J. Am. Chem. Soc. 1999, 121, 8237. 
(25) Rigby, J. H.; Sugathapala, P. M.; Heeg, M. J. J. Am. Chem. Soc. 1995, 117, 8851. 
179 
 
 
(26) Van Houwelingen, T.; Stufkens, D. J.; Oskam, A. Organomerallics 1992, 11, 1146. 
(27) (a) Wey, H. G.; ButenschBon, H. Angew. Chem., Int. Ed. Engl. 1991, 30, 880. (b) Lawless, 
M. S.; Marynick, D. S. J. Am. Chem. Soc. 1991, 113, 7513. (c) Arthurs, M.; Piper, C.; Morton-
Blake, D. A.; Drew, M. G. B. J. Organomet. Chem. 1992, 429, 257. 
(28) (a) Rigby, J. H.; Henshilwood, J. A. J. Am. Chem. Soc. 1991, 113, 5122. (b) Rigby, J. H.; 
Short, K. M.; Ateeq, H. S.; Henshilwood, J. A. J. Org. Chem. 1992, 57, 5290. (c) Rigby, J. H.; 
Ateeq, H. S. Ibid. 1990, 112, 6442 and references cited therein. 
(29) Rigby, J. H.; Pigge, F. C. J. Org. Chem. 1995, 60, 7392. 
(30) Rigby, J. H.; Kirova, M. –S. Tetrahedron Lett. 1997, 38, 8153. 
(31) Rigby, J. H. Tetrahedron 1999, 55, 4521. 
(32) Rigby, J. H.; Pigge, F. C. Synlett 1996, 631. (b) Rigby, J. H.; Ahmed, G.; Fergusson, M. D. 
Tetrahedron Lett. 1993, 34, 5397. 
(33) (a) Chaffee, K.; Sheridan, J. B.; Aistars, A. Organometallics 1992, 11,18.( b) Chaffee, K.; 
Huo, P.; Sheridan, J. B.; Barbieri, A.; Aistars, A.; Lalancette, R. A.; Ostrander, R. L.; Rheingold, 
A. L. J. Am. Chem. Soc. 1995, 11, 1900-1907. 
(34) (a) Rigby, J. H.; Warshakoon, N. C.; Heeg, M. J. J. Am. Chem. Soc. 1996, 118, 6094-6095. 
(b) Chen, W.; Chaffee, K.; Chung, H.J.; Sheridan, J. B. J. Am. Chem. Soc. 1996, 118, 9980-9981. 
(35) Kamal, Z. Ph.D. Thesis, Wayne State University, 2007. 
(36) Rigby, J. H.; Heap, C. R.; Warshakoon, N. C. Tetrahedron 2000, 56, 2305. 
(37) Rigby, J. H.; Laxmisha, M. S.; Hudson, A. R.; Heap, C. H.; Heeg, M. J. J. Org. Chem. 2004, 
69, 6751. 
(38) Rigby, J. H.; Mann, L. W.; Myers, B. J. Tetrahedron Lett. 2001, 42, 8773. 
(39) Rigby, J. H.; Heap, C. R.; Warshakoon, N. C.; Heeg, M. J. Org. Lett. 1999, 1, 507. 
180 
 
 
(40) Kozlovsky, A. G.; Zhelifonova, V. P.; Ozerskaya, S. M.; Vinokurova, N. G.; Adanin, V. M.; 
Grafe, U. Pharmazie 2000, 55, 470. 
(41) Amagata, T.; Amagata, A.; Tenney, K.; Valeriote, F, A,; Lobkovsky, E.; Clardy, J; Crews, 
P. Org. Lett. 2003, 5, 4393. 
(42) Andrey, M. R. M.; Edson, R. F.; Antonio, G. F.; Lourivaldo, S. S. J. Braz. Chem. Soc. 2005, 
16, 1342. 
(43) Du, L.; Zhu, T.; Fang, Y.; Gu, Q.; Zhu, W. J. Nat. Prod. 2008, 71, 1343. 
(44) Sheikh, E. S.; Greffen, A. M. Z.; Lex, J.; Neudorfl, J. M.; Schmalz, H. G. Synlett 2005, 12, 
1881. 
(45) For a review of [6π +4π] cycloadditions, see: a) Rigby, J. H. In Organic Reactions; 
Paquette, L. A., Ed.; John Wiley & Sons: New York, 1997; Vol. 49, p. 331. b) Rigby, J. H. Acc. 
Chem. Res. 1993, 26, 579. 
(46) Rigby, J. H.; Warshakoon, N. C.; Payen, A. J. J. Am. Chem. Soc. 1999, 121, 8237. 
(47) Rigby, J. H.; Payen, A. J. Warshakoon, N. C. Tetrahedron. Lett. 2001, 42, 2047- 2049.  
(48) Hardinger, S. A.; Wijaya, N. Tetrahedron Lett. 1993, 34, 3821. 
(49) Di Filippo, M.; Izzo, I.; Vece, A.; De Riccardis, F.; Sodano, G. Tetrahedron Lett. 2001, 42, 
1155. 
(50) Hajos, Z. G.; Parrish, D. R. Org. Synth., Coll.; Wiley: New York, 1990; Vol. III, pp. 363–
368. 
(51) (a) Gribble, G. W.; Leese, R. M. Synthesis 1976, 172–176; (b) Winterfeldt, E. Chem. Rev. 
1993, 93, 827–843. 
(52) Fernandez, B.; Martinez Perez, J. A.; Granja, J. R.; Castedo, L.; Mourino, A. J. Org. Chem. 
1992, 57, 3173–3178. 
181 
 
 
(53) Rigby, J.H., Fales, K. R. Organic Syntheses, 2000, 77, 121. 
(54) Rigby, J. H.; Ateeq, H. S. J. Am. Chem. Soc. 1990, 112, 6442. b) Rigby,J. H.; Ateeq, H. S.; 
Charles, N. R.; Cuisiat, S. V.; Ferguson, M. D.; Henshilwood, J. A.; Krueger, A. C.; Ogbu, C. 
O.; Short, K. M.; Hwg, M. J. J. Am. Chem. Soc. 1993, 115, 1382. 
(55) Diene 26 was rearranged to more substituted diene analogue.  
 
 
(56) Kitching, W.; Olszowy, H. A.; Drew, G. M.; Adcock; W. J. Org. Chem. 1982, 47, 5153. b) 
Eliel, E. L.; Satici, H. J. Org. Chem. 1994, 59, 688. c) Marzabadi, C. H.; Anderson, J. E.; 
Gonzalez-Outeirino, J.; Gaffney, P. R. J; White, C. G. H; Tocher, D. A.; Todaro, L. J. J. Am. 
Chem. Soc. 2003, 125,15163. 
(57) Dauben Jr., H.J.; Honnen, L.R.; Harmon, K.M. J. Org. Chem. 1960, 25, 1442. 
(58) Nozoe, T.;Takahashi, K. Bull. Chem. Soc. Jpn. 1970, 43, 2662. 
(59) Rigby, J. H.; Niyaz, N. M.; Sugathapala, P. J. Am. Chem. Soc. 1996, 118, 8178. 
(60) Ciattini, P. G.; Morera, E.; Ortar, G. Tetrahedron Lett. 1991, 32, 1579. 
(61) (a) Guo, D.; Cui, Y.; Lou, Z.; Gao, C.; Huang, L. Chin. Trad. Herb. Med. 1992, 23, 3. (b) 
Guo, D.; Cui, Y.; Lou, Z.; Wang, D.; Huang, L. Chin. Trad. Herb. Med. 1992, 23, 512. (c) Lam, 
J.; Christensen, L. P.; Thomasen, T. Phytochemistry 1991, 30, 1157. (d) Chaudhuri, P. K. J. Nat. 
Prod. 1992, 55, 249. (e) Ram, S. N.; Roy, R.; Singh, B.; Singh, R. P.; Pandey, V. B. Planta Med. 
1996, 62, 187. (f) Koike, K. K.; Jia, Z. H.; Nikaido, T.; Liu, Y.; Zhao, Y. Y.; Guo, D. A. Org. 
Lett. 1999, 1, 197. 
(62) Dong, M.; Cong, B.; Yu, S.-H.; Sauriol, F.; Huo, C.-H.; Shi, Q.- W.; Gu, Y.-C.; Zamir, L. 
O.; Kiyota, H. Org. Lett. 2008, 10, 701. 
182 
 
 
(63) Magauer, T.; Mulzer, J.; Tiefenbacher, K. Org. Lett. 2009, 11, 5306.  
(64) Nicolaou, K. C.; Ding, H.; Richard, J.-A.; Chen, D. Y.-K. J. Am. Chem. Soc. 2010, 132, 
3815.  
(65) Peixoto, P. A.; Richard, J.-A.; Severin, R.; Tseng, C.-C.; Chen, D. Y.-K. Angew. Chem., 
Int. Ed. 2011, 50, 3013.  
(66) Peixoto, P.A.;Richard, J.-A.; Severin,R.; Chen, D.Y.-K. Org. Lett. 2011, 13, 5724.  
(67) Michels, T.D.;Dowling, M. S.; Vanderwal, C.D. Angew. Chem., Int. Ed. 2012, 51, 7572. 
(68) Xu, W.; Wu, S.; Zhou, L.; Liang, G. Org. Lett. 2013, 15, 1978.  
(69) (a) Perard-Viret, J.; Rassat, A. Tetrahedron: Asymmetry 1994, 5, 1. (b) Zhong, Y.-W.; Lei, 
X.-S.; Lin, G.-Q. Tetrahedron: Asymmetry 2002, 13, 2251. 
(70) (a) Peterson, D. J. J. Org. Chem. 1968, 33, 780. (b) Shimoji, K.; Taguchi, H.; Oshima, K.; 
Yamamoto, H.; Nozaki, H. J. Am. Chem. Soc. 1974, 96, 1620. 
(71) (a) Myers, A. G.; Zheng, B. Tetrahedron Lett. 1996, 37, 4841. (b) Myers, A. G.; Zheng, B.; 
Movassaghi, M. J. Org. Chem. 1997, 62, 7507. 
(72) Hong, S. H.; Sanders, D. P.; Lee, C. W.; Grubbs, R. H. J. Am. Chem. Soc. 2005, 127, 17160. 
(73) Carfagna, C.; Musco, A.; Sallese, G.; Santi, R.; Fiorani, T. J. Org. Chem. 1991, 56, 261. (b) 
Mallinger, A.; Le Gall, T.; Mioskowski, A J. Org. Chem. 2009, 74, 1124. 
(74) (a) Furukawa, J.; Kawabata, N.; Nishimura, J. Tetrahedron Lett. 1966, 7, 3353. (b) 
Simmons, H. E., Jr.; Smith, R. D. J. Am. Chem. Soc. 1958, 80, 5323. (c) Simmons, H. E., Jr.; 
Smith, R. D. J. Am. Chem. Soc. 1959, 81, 4256. 
(75) Bal, B. S.; Childers, W. E.; Pinnick, H. W. Tetrahedron 1981, 37, 2091. 
(76) Castro, A. M. M. Chem. Rev. 2004, 104, 2939. 
(77) Brooks, D. W.; Lu, D. L.; Masamune, S. Angew. Chem., Int. Ed. 1979, 18, 72. 
183 
 
 
(78) Baum, J. S.; Shook, D. A.; Davies, H. M. L.; Smith, D. H. Synth. Commun. 1987, 17, 1709. 
(79) Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1978, 100, 3636. 
(80) (a) Nicolaou, K. C.; Ellery, S. P.; Chen, J. S. Angew. Chem., Int. Ed. 2009, 48, 7140. (b) 
Edmonds, D. J.; Johnston, D.; Procter, D. J. Chem. Rev. 2004, 104, 3371. 
(81) a) Hosomi, A.; Endo, M.; Sakurai, H. Chem. Lett. 1976, 941. b) Fleming, I. Org. React. 
1989, 37, 575. 
(82) Elings, J.; Lempers, H.; Sheldon, R. Eur. J. Org. Chem. 2000, 1905. 
(83) Nagao, Y.; Dai, W.-M.; Ochiai, M.; Tsukagochi, S.; Fujita, E.  J. Am. Chem. Soc. 1988, 110, 
289. 
(84) Myers, A. G.; Zheng, B.; Movassaghi, M. J. Org. Chem. 1997, 62, 7507. 
(85) Trost, B. M.; Breder, A.; O’Keefe, B. M.; Rao, M.; Franz, A. W. J. Am. Chem. Soc. 2011, 
133, 4766. 
(86) Ito, Y.; Fujii, S.; Saegusa, T. J. Org. Chem. 1976, 41, 2073. 
(87) (a) Ye, L.; Chen, Q.; Zhang, J.; Michelet, V.  J. Org. Chem. 2009, 74, 9550. (b) Chatani, N.; 
Furukawa, N.; Sakurai, H.; Murai, S. Organometallics 1996, 15, 901. 
(88) Rigby, J. H. Tetrahedron 1999, 55, 4521. 
(89) (a) Chaffee, K.; Sheridan, J. B.; Aistars, A. Organometallics 1992, 11,18. ( b) Chaffee, K.; 
Huo, P.; Sheridan, J. B.; Barbieri, A.; Aistars, A.; Lalancette, R. A.; Ostrander, R. L.; Rheingold, 
A. L. J. Am. Chem. Soc. 1995, 11, 1900. (c) Rigby, J. H.; Warshakoon, N. C.; Heeg, M. J. J. Am. 
Chem. Soc. 1996, 118, 6094. (d) Chen, W.; Chaffee, K.; Chung, H.J.; Sheridan, J. B. J. Am. 
Chem. Soc. 1996, 118, 9980. 
(90) Aleiwi, B. A. Ph.D. Thesis, Wayne State University, 2010. 
(91) De, S.; Shafie-Khorassani, Z.; Rigby, J. H. Tetrahedron Lett. 2013, 17, 4057. 
184 
 
 
(92) a) Kaufmann, D.; Fick, H. H.; Schallner, O.; Spielmann, W.; Meyer, L. U.; Göelitz, P.; De 
Meijere, A. Chem. Ber. 1983, 116, 587. b) Spielmann, W.; Fick, H. H.; Meyer, L. U.; de Meijere, 
A. Tetrahedron Lett. 1976, 17, 4057. 
(93) Wang, D.; Crowe, W. E. Org. Lett. 2010, 12, 1232 and the references cited therein. 
(94) (a) Sommer, L. H.; Dorfman, E.; Goldberg, G. M.; Whitmore, F. C. J. Am. Chem. Soc. 
1946, 68, 488. (b) Sommer, L. H.; van Strien, R. E.; Whitmore, F. C. J. Am. Chem. Soc. 1949, 
71, 3056. (c) Davis, D. D.; Black, R. H. J. Organomet. Chem. 1974, 82, C-30. (d) Shiner, V. J. 
Jr.; Ensinger, M. W.; Kriz, G. S. J. Am. Chem. Soc. 1986, 108, 842. (e) Shiner, V. J., Jr.; 
Ensinger, M. W.; Rutkowske, R. D. J. Am. Chem. Soc. 1987, 109, 804. (f) Shiner, V. J., Jr.; 
Ensinger, M. W.; Huffman, J. C. J. Am. Chem. Soc. 1989, 111, 7199. (g) Grob, C. A.; 
Sawlewicz, P. Tetrahedron Lett. 1987, 28, 951. 
(95) Nickon, A.; Werstiuk, N. H. J. Am. Chem. Soc. 1967, 89, 3914. 
(96) For a comprehensive review see Olah. G. A.  Acc. Chem. Res. 1976, 9, 41 and references 
cited therein. 
(97) Lambert, J. B.; Wang, G.T.; Finzel, R. B.; Teramura, D. H. J. Am. Chem. Soc. 1987, 109, 
7838 and references cited therein. 
(98) Anslyn and Dougherty, Modern Physical Organic Chemistry, University Science Books, 
2006.  
(99) (a) Fleming, I.; Patel, S. K. Tetrahedron Lett. 1981, 22, 2321. (b) Coope, J.; Shiner, V. J.; 
Ensinger, M. W. J. Am. Chem. Soc. 1990, 112, 2834. 
(100) Kirmse, W.; Söllenböhmer, F. J. Am. Chem. Soc. 1989, 111, 4127. 
185 
 
 
(101) (a) Jahn, U.; Hartmann, P.; Dix, I.; Jones, P. G. Eur. J. Org. Chem. 2001, 3333. (b) Yeh, 
Ming-Chang P., Wang, Fu-Chun.; Tu, Jin-Juean Chang, Sun-Chi,; Chou, Cheng-Chiang Liao, 
Jin-Wei Organometallics 1998, 17, 5656. 
(102) Suarez, A.; Fu, G. C. Angew. Chem., Int. Ed. 2004, 43, 3580. 
(103) [6 + 2 + 2] cycloaddition of 44 with terminal alkynes has been observed. The 
formation of these side products indicates that with less bulky substituents internal alkynes can 
undergo [6 + 2 + 2] cycloaddition under this condition. 
(104) Molander, G. A.; Harris, C. A. Chem. Rev. 1996, 96, 307. 
(105) Barton, D. H. R.; McCombie, S. W. J. Chem. Soc., Perkin Trans. 1, 1975, 1574. 
(106) Carbene Chemistry; Kirmse, W., Ed.; Academic Press: New-York, 1964; Vol. 1. 
(107) Advances in Carbene Chemistry; 1
st
 ed.; Brinker, U. H., Ed.; JAI Press: Stamford, CT, 
1998; Vol. 2. 
(108) Advances in Carbene Chemistry; Brinker, U. H., Ed.; Elsevier Science, 2001. 
(109) Hine, J.; Ronald Press: New York, 1964, p 36. 
(110) Doering, W. E.; Hoffman, A. K. J. Am. Chem. Soc. 1954, 76, 6162. 
(111) Fischer, E. O.; Maasboel, A. Angew. Chem. 1964, 76, 645. 
(112) Closs, G. L.; Moss, R. A. J. Am. Chem. Soc. 1964, 86, 4042. 
(113) (a) Jones, M.; Moss, R. A. Carbenes; Wiley: 1973. (b)  Brinker, U. H.; JAI PRESS INC.; 
Stamford, 1998; Vol. 2, p 245. (c) Bertrand, G. Carbene Chemistry: From Fleeting 
Intermediates to Powerful Reagents; Fontis Media S. A. and Marcel Dekker, Inc.: 2002.  
(114) Bourissou, D.; Guerret, O.; Gabbai, F. P.; Bertrand, G.; Chem. Rev. 2000, 100, 39. 
(115) Doering, W. E.; Buttery, R. G.; Laughlin, R. G.; Chaudhuri, N. J. Am. Chem. Soc. 1956, 
78, 3224. 
186 
 
 
(116) (a) Hine, J. J. Am. Chem. Soc. 1950, 72, 2438. (b) Hine, J.; Ehrenson, S. J. J. Am. Chem. 
Soc. 1958, 80, 824.  
(117) Moss, R. A. Acc. Chem. Res. 1980, 13, 58.  
(118) Moss, R. A., Mallon, C. B.; Ho, C. –T. J. Am. Chem. Soc. 1977, 99, 4105. 
(119) Moss, R. A., Shen, S.; Hadel, L. M.; Kmiecik-Lawrynowicz, G.; Wlostowska, J.; Krogh-
Jespersen, K. J. Am. Chem. Soc. 1987, 109, 4341. 
(120) (a) Lemal, D. M.; Gosselink, E. P.; Ault, A. Tetrahedron Lett. 1964, 5, 579. (b) Lemal, D. 
M.; Gosselink, E. P.; McGregor, S. D. J. Am. Chem. Soc. 1966, 88, 582. 
(121) (a) Hoffman, R. W. Angew. Chem. Int. Ed. Engl. 1971, 10. (b) Hoffman, R. W. Acc. Chem. 
Res. 1985, 18, 248. 
(122) Hoffman, R. W.; Schneider, J. Chem. Ber. 1967, 100, 3698. 
(123) (a) Moss, R. A.; Wlostowski, M.; Shen, S.; Krogh-Jespersen, K.; Matro, A. J. Am. Chem. 
Soc. 1988, 110, 4443. (b) Moss, R. A. Acc. Chem. Res. 1989, 22, 15. 
(124) (a) El-Saidi, M.; Kassam, K.; Pole, D. L.; Tadey, T.; Warkentin, J. J. Am. Chem. Soc. 
1992, 114, 8751. (b) Pezacki, J.; Wagner, B. D.; Lew, C. S. Q.; Warkentin, J.; Lusztyk, J. J. Am. 
Chem. Soc. 1997, 119, 1789. (b) Warkentin, J. J. Chem. Soc., Perkin. Tran. 1 2000, 2161. 
(125) Kassam, K.; Pole, D. L.; El-Saidi, M.; Warkentin, J. J. Am. Chem. Soc. 1994, 116, 1161. 
(126) (a) Schollkopf, U.; Wiskott, E. Angew. Chem. 1963, 75, 725. (b) Lemal, D. M.; Banitt, E. 
H. Tetrahedron Lett. 1964, 245. 
(127) Hine, J.; Bayer, R. P.; Hammer, G. G. J. Am. Chem. Soc. 1962, 84, 1751. 
(128) Olofson, R.; Walinsky, S. W.; Marino, J. P.; Jernow, J. L. J. Am. Chem. Soc. 1968, 90, 
6554. 
187 
 
 
(129) Coffen, D. L.; Chambers, J. Q.; Williams, D. R., Garret, P.; Canfield, N. D. J. Am. Chem. 
Soc. 1971, 93, 2258. 
(130) Nakayama, J. J. Chem, Soc. Perkin. Trans. 1 1975, 525. 
(131) Rigby, J. H.; Laurent, S.; Dong, W.; Danca, M. D. Tetrahedron, 2000, 56, 10101. 
(132) Hoffman, R. W.; Lilienblum, W.; Dittrich, B. Chem. Ber. 1974, 107, 3395. 
(133) Lilienblum, W.; Hoffman, R. W. Chem. Ber. 1977, 110, 3405. 
(134) Spino, C.; Rezaei, H.; Dupont-Gaudet, K.; Belanger, F. J. Am. Chem. Soc. 2004, 126, 
9926. 
(135) Nair, V.; Bindu, S.; Balagopal, L. Tetrahedron Lett. 2001, 42, 2043. 
(136) Nair, V.; Bindu, S.; Sreekumar, V.; Chiaroni, A. Org. Lett. 2002, 4, 2821. 
(137) Nair, V.; Rajesh, C.; Vinod, A. U.; Bindu, S.; Sreekanth, A. R.; Mathen, J. S.; Balagopal, 
L. Acc. Chem. Res. 2003, 36, 899. 
(138) Pole, D. L.; Warkentin, J. J. Org. Chem. 1997, 62, 4065. 
(139) Dawid, M.; Mloston, G.; Warkentin, J. Org. Lett. 2001, 3, 2455. 
(140) Venneri, P. C.; Warkentin, J. Can. J. Chem. 2000, 78, 1194. 
(141) Colomvakos, J. D.; Eagle, I.; Ma, J.; Pole, D. L.; Tidwell, T. T.; Warkentin, J. J. Org. 
Chem. 1996, 61, 9522. 
(142) Rigby, J. H.; Wang, Z. Org. Lett. 2003, 5, 263. 
(143) (a) Hoffman, R. W.; Steinbach, K.; Dittrich, B. Chem. Ber. 1973, 106, 2174. (b) Hoffman, 
R. W.; Reiffen, M. Chem. Ber. 1976, 109, 2565. 
(144) Rigby, J. H.; Danca, M. D. Tetrahedron Lett. 1999, 40, 6891. 
(145) For a review of vinyl isocyanate chemistry, see: Rigby, J. H. Synlett 2000, 1. 
188 
 
 
(146) (a) Rigby, J. H.; Cavezza, A.; Ahmed, G. J. Am. Chem. Soc. 1996, 118, 12848. (b) Rigby, 
J. H.; Cavezza, A.; Heeg, M. J. J. Am. Chem. Soc. 1998, 120, 3664. (c) Rigby, J. H.; Laurent, S.; 
Cavezza, A.; Heeg, M. J. J. Org. Chem. 1998, 63, 5587. (d) Rigby, J. H.; Cavezza, A.; Heeg, M. 
J. Tetrahedron Lett. 1999, 40, 2473. 
(147) Curtius, T. Ber. 1890, 23, 3023. 
(148) Rigby, J. H.; Dong, W. Org. Lett. 2000, 2, 1673. 
(149) Rigby, J. H.; Burke, P. J. Heterocycles 2006, 67, 643. 
(150) Rigby, J. H.; Sidique, S. Org. Lett. 2007, 9, 1219. 
(151) Ruiz-Sanchis, P.; Savina, S. A.; Albericio, F.;  lvarez, M. Chem. Eur. J. 2011, 17, 1388 
and the references therein.  
(152) (a) Christophersen, C. Acta Chem. Scand. 1985, B39, 517. (b) Holst, P. B.; Anthoni, U.; 
Christophersen, C.; Nielsen, P. H. J. Nat. Prod. 1994, 57, 997.   
(153) (a) Rivera-Becerril, E.; Joseph-Nathan, P.; P rez- lvarez, V. M.; Morales-Ríos, M. S. J. 
Med. Chem. 2008, 51, 5271. (b) Mitchell, M. O.; Figliozzi, R. W.; Guzel, M. Med. Chem. 2010, 
6, 141. 
(154) http://nihseniorhealth.gov/alzheimersdisease/whatisalzheimersdisease/01.html 
(155) Musial, A.; Bajda, M.; Malawska, B. Curr. Med. Chem. 2007, 14, 2654–2679. 
(156) (a) Giacobini, E. Butyrylcholinesterase: Its Functions and Inhibitors; Martin Dunitz: 
London 2003. (b) Cokugras, A. N. Butyrylcholinesterase: Turk. J. Biochem. 2003, 28, 54–61. (c) 
Darvesh, S.; Hopkins, D. A.; Geula, C. Nat. Rev. Neurosci. 2003, 4, 131–138. 
(1477) Bruncko, M.; Crich, D.; Samy, R. J. Org. Chem. 1994, 59, 5543. 
(158) Morales-Ríos, M. S.; Suárez-Castillo, O. R.; Joseph-Nathan, P. J. Org. Chem. 1999, 64, 
1086. 
189 
 
 
(159) Morales-Ríos, M. S.; Rivera-Becerril, E.; Joseph-Nathan, P. Tetrahedron: 
Asymmetry 2005, 16, 2493. 
(160) Cardoso, A. S.; Srinivasan, N.; Lobo, A. M.; Prabhakar, S. Tetrahedron Lett. 2001, 42, 
6663. 
(161) Tan, G. H.; Zhu, X.; Ganesan, A. Org. Lett. 2003, 5, 1801. 
(162) Austin, J. F.; Kim, S. G.; Sinz, C. J.; Xiao, W. J.; MacMillan, D. W. C. Proc. Natl. Acad. 
Sci. USA 2004, 101, 5482. 
(163) Miyamoto, H.; Okawa, Y.; Nakazaki, A.; Kobayashi, S. Tetrahedron Lett. 2007, 48, 1805. 
(164) Schammel, A. W.; Boal, B. W.; Zu, L.; Mesganaw, T.; Garg, N. K. Tetrahedron 2010, 66, 
4687. 
(165) Trost, B. M.; Zhang, Y.  Chem. Eur. J. 2011, 17, 2916. 
(166) Zhang, Z.; Antilla, J. C. Angew. Chem. Int. Ed. 2012, 51, 11778. 
(167) Ozawa, T.; Kanematsu, M.; Yokoe, H.; Yoshida, M.; Shishido, K. J. Org. Chem. 2012, 77, 
9240. 
(168) (a) López-Alvarado, P.; Caballero, E.; Avendaño, C.; Menéndez, J. C. Org. Lett. 
2006, 8, 4303 (b) Cardoso, A. S. P.; Marques, M. M. B.; Srinivasan, N.; Prabhakar, S.; Lobo, A. 
M. Tetrahedron 2007, 63, 10211. (c)  Zhou, Y.; Xi, Y.; Zhao, J.; Sheng, X.; Zhang, S.; Zhang, H. 
Org. Lett. 2012, 14, 3116.  
(169) For a review of vinyl isocyanate chemistry, see: Rigby, J. H. Synlett 2000, 1. 
(170) For an overview of nucleophilic carbene chemistry, see: Warkentin, J. In Advances in 
Carbene Chemistry; Brinker, U. H., Ed.; JAI: Greenwich, 1998; Vol. 2, pp 245 
(171) (a) Rigby, J. H.; Cavezza, A.; Ahmed, G. J. Am. Chem. Soc. 1996, 118, 12848. (b) Rigby, 
J. H.; Cavezza, A.; Heeg, M. J. J. Am. Chem. Soc. 1998, 120, 3664. (c) Rigby, J. H.; Laurent, S.; 
190 
 
 
Cavezza, A.; Heeg, M. J. J. Org. Chem. 1998, 63, 5587. (d) Rigby, J. H.; Cavezza, A.; Heeg, M. 
J. Tetrahedron Lett. 1999, 40, 2473. 
(172) (a) Rigby, J. H.; Danca, M. D. Tetrahedron Lett. 1999, 40, 6891. (b) Rigby, J. H.; Laurent, 
S. J. Org. Chem. 1999, 64, 1766. (c) Rigby, J.H., Laurent, S., Dong, W., Danca, M. D. 
Tetrahedron 2000, 56, 10101. (d) Rigby, J. H.; Dong, W. Org. Lett. 2000, 2, 1673. 
(173) Rigby, J. H.; Burke, P. J. Heterocycles 2006, 67, 643. 
(174) Rigby, J. H.; Sidique, S. Org. Lett. 2007, 9, 1219. 
(175) Yokoyama, Y.; Ito, S.; Takahashi, Y.; Murakami, Y. Tetrahedron Lett. 1985, 26, 6457. 
(176) (a) Heath-Brown, B.; Philpott, P. G. J. Chem. Soc. 1965, 7185. (b) Zhao, S.; Liao, X.; 
Wang, T.; Flippen-Anderson, J.; Cook, J.M. J. Org. Chem. 2003, 68, 6279. 
(177) Williams, R. M.; Lee, B. H. J. Am. Chem. Soc. 1986, 108, 6431. 
 
 
 
 
 
 
 
 
 
 
 
 
 
191 
 
 
ABSTRACT 
1. CHROMIUM(0)- PROMOTED HIGHER ORDER CYCLOADDITION REACTIONS: 
STUDIES TOWARD THE TOTAL SYNTHESIS OF THE CYCLOCITRINOLS AND 
ECHINOPINES A AND B 
2. TOTAL SYNTHESIS OF (±)-DEBROMOFLUSTRAMINE B VIA [4+1] 
CYCLIZATION OF AN INDOLE ISOCYANATE AND A BIS(ALKYLTHIO)CARBENE 
by 
SAPTARSHI DE 
August 2013 
Advisor: Dr. James H. Rigby 
Major: Chemistry (Organic) 
Degree: Doctor of Philosophy 
A facile and short stereoselective synthesis of the functionalized tetracyclic core structure 
of the cyclocitrinols, a family of unusual C25 steroid isomers, has been accomplished. The key 
structural unit, the bicyclo[4.4.1]A/B ring system, was constructed by a regioselective Cr(0)-
promoted [6π + 4π] photochemical cycloaddition reaction. 
A Bronsted acid catalyzed rearrangement of the 11-trimethylsilyl-
tetracyclo[8.1.0.0
3,7
.0
4,11
]undeca-5,8-diene ring system to the unusual homotriquinacene ring 
system. The trimethylsilyl substitution on the cyclopropane moiety was found to be crucial for 
the rapid transformation which is believed to proceed via carbocation intermediates. 
A short concise formal synthesis of Echinopines A and B is reported. The key [5.5.7] 
tricyclic intermediate, which has been previously used for synthesis of Echinopine A and B, was 
synthesized using a sequence of Cr(0)-promoted photochemical [6+2] cycloaddition, followed 
by a novel radical cyclization with a cyclic conjugated diene, in only five steps. 
A novel [4+1] cyclization of an indole isocyante and bis(alkylthio)carbene has been used 
for an efficient and protecting group free total synthesis of (±)-debromoflustramine B. 
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